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Abstract 
The portable technology has emerged with miniature, highly integrated consumer electronics 
with multi-tasking capability in part enabled by recent advances in wireless communication and 
data transmission.  Similarly, the next generation of autonomous microelectromechanical 
systems (MEMS) is expected to perform in the diverse arenas of medicine, environmental 
sciences, and engineering.  These new power demands have fostered the development of high 
energy density micro-fuel cells that can be integrated into these devices, while preserving their 
latitude and portability (Chapter 1).   Monolithic integration offers the possibility of 
cofabricating micro-fuel cells along with other electronic components on the same chip to enable 
overall device miniaturization, weight and cost reduction, and improved signal integrity.  
However, to achieve such a method of integration, the cells must be built conform to the 
microfabrication technologies for integrated circuits (IC) and microelectromechanical systems 
(MEMS) standards.  Therefore, key challenges, such as the incompatibility of fuel cell materials 
(e.g., perfluorosulfonic acid polymer membrane, carbon-based layers) with the aforementioned 
technologies, and integration issues must be overcome (Chapter 2).  In this work, we present the 
design, fabrication, and characterization of an on-chip monolithically integrated micro-fuel cell.  
By omitting the integration of the proton exchange membrane (PEM), the design resulted in a 
planar, IC-compatible micro laminar flow fuel cell (µLFFC) suitable for on-chip power 
(Chapter 3).  The principles of any working micro-fuel cell are of strongly coupled, non-linear 
multiphysics nature.  Therefore, the change of one operating parameter (e.g., reactant 
concentration, flow rate) may induce a chain of physicochemical and electrochemical events that 
produces a non-obvious impact in overall micro-fuel cell integrity, performance, and efficiency. 
We have developed a fully-coupled numerical model that includes all transport processes and 
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electrochemical phenomena that occur within an operating micro-fuel cell.  The model is useful 
to design, characterize, and optimize LFFCs (Chapter 4).  While the microfabrication lines and 
integration approaches presented herein have proven that laminar flow (membraneless) fuel cells 
can be monolithically integrated for on-chip power, the modeling efforts can predict performance 
upfront for step-wise design of superior cells.   
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Chapter 1 
 
Introduction 
 
Small, portable consumer electronics such as mobile phones, laptop computers, personal 
digital assistants, and global positioning systems, have recently merged into single platforms and 
gained superior multitasking abilities in part enabled by major advances in wireless 
communication and data transmission [1]. The high resolution capability, batch production, and 
reproducibility accessible via microfabrication technologies for integrated circuits (IC) and 
microelectromechanical systems (MEMS) enable further miniaturization and integrated device 
sophistication in a cost effective manner [2,3]. Moreover, the next generation of MEMS, i.e., 
sensors, actuators, and lab-on-a-chip devices, are expected to operate remotely to accomplish 
particular machine enhanced human endeavors in the diverse arenas of medicine, environmental 
sciences, and engineering [4-6]. Miniaturized secondary (rechargeable) batteries such as Ni-Cd, 
Li-ion, and Li-polymer, while presently powering the vast majority of portable devices, may no 
longer feature the necessary energy density to cope with these new power demands and required 
device autonomy [7]. As an alternative, MEMS-based electrochemical energy converters such as 
micro-fuel cells, particularly intended to operate with easily handled and stored liquid fuels (e.g., 
methanol and formic acid), are envisioned as a possible solution due to their high energy density 
and efficiency, low temperature operation, quick start up, and quasi-instant recharge capability 
by easy reactant refilling [8-10]. 
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1.1   Fuel Cells  
Fuel cells are electrochemical devices that convert chemical energy directly into electricity 
for as long as fuel and oxidant are supplied [11].  The miniature versions of the polymer 
electrolyte membrane fuel cells (PEMFCs) (Figure 1.1) are expected to dominate the portable 
sector due to their high energy density and efficiency, low temperature operation, quick start up, 
and adequate ecological balance [8-10]. 
 
 
 
 
Figure 1.1. Schematic of a zero-emission hydrogen-fueled polymer electrolyte membrane fuel 
cell (PEMFC).  At the catalyst–based anode, hydrogen electro-oxidizes and separates into 
protons and electrons. Freed electrons travel to the cathode via an external circuit whereas 
protons are transported through a proton exchange membrane (e.g., Nafion). At the catalyst-
based cathode, oxygen (from air) combines with protons and electrons and becomes reduced 
while forming water molecules. The generated water is then removed from the system by means 
of convection.  Image courtesy of Ballard Power Systems, Inc.  
 
For easy of miniaturization and integration, direct liquid fuel cells (DLFCs), a PEMFC 
category, are preferred over zero-emission hydrogen-fueled PEMFCs (Figure 1.1) or reformed 
hydrogen fuel cells (RHFCs) [12].  DLFCs benefit from the high energy density of many liquid 
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hydrocarbons (e.g., methanol, ethanol and formic acid) while circumventing issues concerning 
hydrogen transport, compression, and storage [12].  In addition, fuel reformer (to obtain 
hydrogen gas from liquid hydrocarbons), gas humidification and thermal management systems 
are not necessary in DLFCs [12].  Furthermore, DLFCs can perform in the absence of the proton 
exchange membrane by feeding the liquid fuel and oxidant into a single channel at low Reynolds 
numbers [13-14].  This later class of DLFCs, namely, laminar flow fuel cells (LFFCs) is 
considered the simplest fuel cell architecture currently available in literature [10, 13-16].  The 
simplicity of design, minimum use of functional elements and auxiliary components for the 
operation of DLFCs and LFFCs has attracted researchers to pursue their miniaturization.  A brief 
overview with respect to the design and fabrication of micro-fuel cells, specifically, DLFCs and 
LFFCs, is presented in the succeeding sections. 
 
1.2  Micro-Fuel Cells: Fabrication and Integration 
Fuel cells can be miniaturized using micro-electromechanical systems (MEMS) and 
integrated circuit (IC) processes [2-3, 17].  Due to the widespread use of Silicon in the 
semiconductor / portable industry, we have focused our attention in MEMS-based / Silicon-
based micro-fuel cells.  In general, a particular set of fabrication steps (e.g. photolithography, 
wet / dry etching, and physical / chemical deposition) may be used to shrink critical features of 
the fuel cell components (e.g., flow fields, distribution layers, electrodes, current collectors, and 
membrane electrode assembly) while retaining or improving their functionality [1].  The 
resulting miniature cell may be a highly integrated structure with increased volumetric power 
density.  In addition, the micro fuel cell design is intended to be as small as possible; thereby 
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most of the available volume is fuel.  The challenge to date has been to obtain similar 
performance and efficiency to that of large scale fuel cells [1, 8].  
 
1.2.1  Micro Direct Liquid Fuel Cells 
Direct liquid fuel cells (DLFCs) that utilize energy-dense organic fuels such as methanol, 
formic acid, and ethanol have received considerable attention as energy conversion devices for 
portable and micro applications [12].  DLFCs are considered attractive candidates to pursue their 
miniaturization because they do not require a fuel reformer upstream of the cell (which greatly 
reduces balance of plant components and system integration) [7].  Figure 1.2 illustrates the 
principle of operation for a typical DLFC when operated using liquid hydrocarbons (e.g., 
methanol, formic acid or ethanol).   
 
 
 
Figure 1.2.  Schematic representation of a direct liquid fuel cell (DLFC).  The cell utilizes small 
organic fuels (e.g., methanol, formic acid, and ethanol). Image courtesy of  Joshua Ackerman. 
 
The majority of micro direct liquid fuel cells (µDLFCs) developed to date are membrane-
based systems of bipolar architecture.  Characteristically, the structure is composed of two polar 
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plates for the delivery of reactants and current collection, sandwiching a membrane and clamped 
to form a membrane electron assembly (MEA) (Figure 1.2).  In general, a combination of pattern 
transfer and micromachining techniques (e.g., dry etching, physical and chemical vapor 
deposition, wet isotropic or anisotropic etching) enables the miniaturization of the fuel/oxidant 
delivery system as well as the deposition of electrodes [1].  Nafion, a perfluorosulphonic acid 
ionomer, is the most common electrolyte membrane used in MEAs due to its chemical and 
mechanical stability and high conductivity [18].  Alternative proton exchange membranes (e.g., 
acid loaded porous silicon) prepared by anodic etching, have been developed to improve system 
integration in a batch fabrication process[19].  However, significant improvement must be done 
to surpass the conductivity of Nafion membranes.  A hybrid integration method is required to 
complete these micro-fuel cells.  Hybrid integration implies that individual components (i.e., 
bipolar plates and membrane electrode assembly) are fabricated separately and assembled 
together into a complete device (often via hot pressing techniques) [8].  Such a method of 
integration hinders the batch production of cells which is desired for commercialization.  
Moreover, the materials often used to fabricate µDLFCs (e.g., Nafion, carbon-based layers) are 
not compatible with Silicon-based fabrication technologies [20], as will be further discussed in 
Chapter 2.   
Within the µDLFC category, micro direct methanol fuel cells (µDMFCs) and micro direct 
formic acid fuel cells (µDFAFCs), are currently considered promising candidates to replace 
batteries in the portable sector [12, 21].  Yet, before these two cells reach the market, key 
challenges must be overcome [12, 21].  For instance, µDMFCs exhibit high fuel crossover rates 
(through Nafion membrane), sluggish anode kinetics, CO catalyst poisoning, and water 
management issues which cumulatively decrease the overall power output and efficiency.  
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Although, µDFAFCs exhibit lower fuel crossover rates (through Nafion membrane) and 
improved reaction kinetics (at nominal catalyst conditions), formic acid has approximately 50% 
of the energy density of methanol.  Nevertheless, µDFAFCs are still considered good candidates 
because the lower rate of fuel crossover enables these micro-fuel cells to operate at higher fuel 
concentrations compared to µDMFCs [12, 21].   
 
1.2.2  Micro Laminar Flow Fuel Cells (µLFFCs) 
A recent concept that greatly simplifies the micro-fuel cell architecture deserves particular 
attention from the stand points of miniaturization and integration involves omission of the proton 
exchange membrane [13-14].  These membraneless LFFCs utilize the characteristic laminar state 
of flow for micro-scale fluids to maintain the separation of co-flowing fuel and oxidant streams 
in a single micro-channel [13]. The diffusion along the interface is limited and hence fuel 
crossover is minimized while proton transport is excellent. To improve the proton conductivity 
of the liquid electrolytes, fuel (e.g., methanol, formic acid) and oxidant (e.g. saturated oxygen, 
potassium permanganate) are often supported in acid solutions.  The anode and cathode 
electrodes are typically integrated on opposing microchannel walls (refer to Figure 1.3).   
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Figure 1.3. Schematic of a Y-shaped laminar flow fuel cell (LFFC). The catalyst-based 
electrodes are typically integrated in the opposite microchannel walls (red lines).  The cell 
operates by flowing fuel (green) and oxidant (yellow) streams into a single microchannel at low 
Reynolds numbers (Re < 100).  The depletion and mixing (diffusion) zones result from anode 
and cathode electrochemical reactions and the limited fuel-to-oxidant mixing, respectively.  
Image (not to scale) reprinted with the permission of Professor Paul J.A. Kenis. 
 
The majority of LFFCs developed to date have made use of fabrication protocols already 
established for microfluidic chips (for analytical or lab-on-a-chip applications).  Microchannels 
are typically fabricated by rapid prototyping, using standard and/or soft lithography techniques 
[22–24].  In particular, for the typical Y-shape (or T-shape) side-by-side streaming cell, the 
channel structures are molded in poly (dimethylsiloxane) (PDMS) and subsequently sealed to a 
solid substrate with the corresponding electrode patterns.   Efforts to reproduce LFFCs in Silicon 
substrates are scarce in literature [25].  Although, LLFCs offer the simplest structural design, the 
fabrication and integration methods commonly used for their miniaturization do not address 
batch production [25].  However, the miniature LFFCs fabricated to date have served for 
extensive research regarding fluid dynamics, mass transport, and electrochemical phenomena to 
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optimize performance and efficiency.  Part of this thesis is devoted to the development of highly 
integrated µLFFCs suitable for emerging silicon-based micro-devices. 
 
1.3  Final Remark on the Fabrication and Integration of µDLFCs and µLFFCs 
Although the miniaturization of µDLFCs and miniature LFFCs has been reported as 
discussed in Section 1.2, the designs may serve to power small portable devices from “off-the-
chip” which requires significant additional latitude for installation of these power sources.  For 
more demanding portable devices where the form factor is limited and the next generation of 
MEMS (e.g., lab-on-a-chip devices, autonomous reconnaissance and surveillance 
microvehicles), on-chip integration of micro fuel cells is necessary [2, 26-27]. The focus of this 
thesis is to address the miniaturization and integration of DLFCs and LFFCs for on-chip power 
generation.  On-chip integration of micro-fuel cells is covered in Chapter 2.  
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Chapter 2 
 
Power Sources on a Chip  
 
“We have the chicken-and-egg thing now. The problem is you have to design the power source 
when you are designing the electronic component,” says Paul Kohl, professor at the Center for 
Innovative Fuel Cell and Battery Technologies at Georgia Institute of Technology [1].  
   
2.1  On-Chip Integrated Power Sources  
The ever-increasing trends for smaller and lighter consumer electronics have stimulated the 
microfabrication of power sources [2-4]. The possibility of cofabricating a power source along 
with other electronic components on the same chip enables overall device miniaturization, 
weight and cost reduction, and improved signal integrity with a minimum number of 
interconnects [5-6]. To achieve such a parallel integration, the power source must be built 
conform to the microfabrication technologies for integrated circuits (IC) and 
microelectromechanical systems (MEMS) standards [7-8]. 
 
2.2  Micro-Fuel Cells for On-Chip Power  
Microfabricated fuel cells (micro-fuel cells) are considered attractive power sources for 
emerging portable devices due to their high energy density and efficiency, low temperature 
operation, quick start up, and adequate ecological balance [2-4].  As the semiconductor 
technology keeps advancing at a rapid pace along with remarkable functionalities, computing, 
and communication, smaller form factors are expected which imposes new miniaturization and 
integration challenges [19-20].  For instance, the concept of smart dust was proposed by 
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Warneke et al. to build an autonomous device that incorporates sensors, computation, wireless 
computation, and the power source in a cubic millimeter mote that can be used in a distributed 
sensor network [30].  On chip integration of the power source (i.e., micro-fuel cells) will be 
beneficial in such extreme circumstances.       
As already discussed in Chapter 1, DLFCs and LFFCs are considered attractive power 
sources particularly from the miniaturization and integration standpoints.  Compared to 
hydrogen-fueled polymer electrolyte membrane fuel cells or reformed hydrogen fuel cells, 
DLFCs and LFFCs circumvent current issues concerning hydrogen transport, compression, and 
storage.  In addition, no fuel reformer, gas humidification or thermal management systems are 
necessary for the operation of DLFCs and LFFCs which may enable us to achieve highly 
integrated archetypes upon miniaturization.   
 
2.3   Design Considerations to Achieve On-Chip Integrated Micro-Fuel Cells 
Despite remarkable advances in fuel cell and thin film technologies, efforts to integrate 
micro-fuel cells on a chip are scarcely documented [11-17].  This section will highlight 
important requirements to incorporate micro fuel cell power sources on electronic boards and 
briefly discuss corresponding key challenges.  
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2.3.1  Architecture  
On-chip integration requires a remarkably compact micro-fuel cell architecture that 
maximizes reactant storage volume and yet is created with materials and processes sequences 
compatible with MEMS and IC mass fabrication constraints [5-6, 18]. However, following the 
novelty of the first miniature fuel cell fabricated by Kelley et al., numerous researchers pursued 
the miniaturization of the traditional PEMFC and DLFC bi-layer design often composed of two 
bipolar substrates for the delivery of reactants and current collection clamped to membrane 
electrode assembly (MEA) [8,18]  (Figure 2.1). To miniaturize such a complex multi- component 
structure significant deviations from MEMS and IC fabrication standards are inevitable [2].   
 
 
 
Figure 2.1.  Schematic of the basic configurations of a typical micro fuel cell:  (a) bi-layer 
design composed of two bipolar plates (anode and cathode) clamped to a membrane electrode 
assembly (i.e., proton exchange membrane (PEM), catalyst, and gas diffusion layer (GDL)), (b) 
planar design with interdigitated anode and cathode compartments.    
 
Alternatively, Mayers and Maynard, proposed a micro-fuel cell architecture with in-plane anodic 
and cathodic channels realized on a single silicon substrate [19] (Figure 2.1 b).  Such a planar 
architecture is suitable for on-chip integration as all components of the fuel cell may be realized 
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on a single side of a substrate (e.g., Silicon) which is analogous to the fabrication method for 
integrated circuits [2].  Such an “unfolded” planar miniature fuel cell design was mathematically 
modeled and proved as a less effective alternative to the bi-layer (bipolar) architecture primarily 
due to surface area penalties [20].  However, IC-compatible electro-deposition techniques to 
integrate high active surface area catalyst and surface texturing methods have been recently 
documented [21-23].  
 
Remarks:  
• A planar micro-fuel cell architecture may facilitate parallel integration with other 
electronic components on the same chip.  
• All components of a planar micro-fuel cell are realized on a single side of a substrate 
which is analogous to the fabrication method for integrated circuits.  
 
2.3.2  Fabrication and Integration  
To achieve on-chip integrated micro-fuel cells, the overall fabrication line must be 
compatible with MEMS and IC batch fabrication methods [11-17].  
 
Hybrid vs. monolithic integration 
The micro-fuel cell architecture (Section 2.3.1) has a strong influence on the integration 
method that may be adopted to complete the system.  For instance, the traditional bipolar design 
employed in µPEMFCs and µDLFCs is based on the stacking concept where all the components 
including the MEA are fabricated separately and assembled together into a complete device. 
Such an integration method is known as hybrid integration and deviates significantly from 
MEMS and IC batch fabrication standards. Conversely, a planar architecture facilitates 
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monolithic integration. Monolithic integration requires that all micro fuel cell components are 
realized on a single side of a substrate via continuous build-etch sequences analogous to the 
fabrication of electronic components [2]. Therefore, a monolithically integrated micro fuel cell 
offers the possibility of dynamic integration with other electronic components on the same chip.  
 
“When you need something small enough to fit into a cell phone, you can’t make it out of 
discrete parts,” says Jerry Hallmark, director of energy system technologies in the Mobile 
Devices Technology Office of Motorola Inc. [1] 
 
In general, two basic strategies to attain the monolithic integration of micromechanical (or 
microchemical) systems with their controlling electronics are the microelectronics-first (also 
known as CMOS-first) and micromechanics-first [24].   The process sequences to create 
micromechanic devices often result in high aspect ratio topologies while the fabrication of 
electronic components utilize high resolution photolithographic procedures that require planar 
substrates. The CMOS (microelectronics)-first technique (Figure 2.2) utilizes the planar nature of 
the substrate to achieve fine-line circuitry via photolithography and metallization procedures 
prior to the incorporation of micromechanical devices. However, metal-based microelectronic 
devices exhibit limited thermal budget. For instance, aluminum, which is traditionally used in 
microelectronic technologies, melts at the temperatures needed for thermal oxidation processes, 
doping, and specific annealing procedures for stress relaxation. 
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Figure 2.2. General schematic representation of the CMOS-first approach to micromechanical 
integration where tungsten metallization replaces the conventional aluminum metallization. 
Image courtesy of Sandia National Laboratories. 
 
On the other hand, by employing micromechanics-first approach (Figure 2.3), high aspect 
ratio structures can be subsequently annealed, doped, or oxidized at high temperatures in the 
absence of metal-based microelectronics. Once micro-mechanical devices and high temperature 
processes are completed, the resulting topology must be planarized to incorporate 
microelectronic components. The micromechanics-first approach may resolve issues concerning 
thermal processing limitations of micro-electronic components. Evidently, the fabrication and 
integration to attain any monolithic micro-system may become difficult for complex multi-
component structures and challenging when trying to incorporate non-traditional materials. 
Hence, these techniques may serve as fundamental guidelines and must be engineered into step-
wise fabrication lines in order to obtain monolithically integrated micro-systems.  
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Figure 2.3. Schematic representation of the micromechanics-first approach to integration.  In 
this example, micromechanical devices are fabricated in trenches etched in silicon wafers. The 
trenches are then refilled with oxide, planarized by chemical-mechanical polishing, annealed, 
and sealed. These wafers then form the starting material for a conventional microelectronic 
fabrication process. This approach may also have advantages in packaging of finished devices. 
Image courtesy of Sandia National Laboratories 
 
Remarks:  
• To achieve parallel integration of the micro-fuel cell along with other components and 
controlling electronics on the same chip, the fabrication line must be IC-compatible (i.e., 
CMOS-compatible).  
•  Monolithically integrated micro-fuel cells are essentially a single layer-by-layer structure 
created on a single side of a substrate via MEMS / IC-compatible processes.  
• To the best of our knowledge, monolithic µDLFCs have not yet been reported in 
literature mainly due to integration difficulties associated with the proton exchange 
membrane (Section 2.3.4).  
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2.3.3  Integration of the Proton Conductor  
The central part of a fuel cell is the proton exchange membrane. The purpose of the proton 
exchange membrane is twofold: (1) to transport the protons from anode to cathode and (2) to 
serve as an effective separation barrier to avoid fuel and oxidant from mixing. Perfluorosulfonic 
acid polymer membranes (e.g., Nafion from DuPont) are employed in the majority of µFC 
designs due to their high conductivity. However, Nafion membrane experiences significant 
volumetric fluctuations upon humidity variations which preclude viable integration [25]. 
Furthermore, the Nafion polymer (in solid or liquid form) is not photosensitive and cannot be 
resolved into high resolution patterns via photolithography. Nevertheless, Motokawa et al. 
reported a planar, monolithic µDLFC in which the membrane (Nafion) was fixed by mechanical 
compression [12]. Such a bulk integration of the proton exchange membrane not only prevents 
monolithic integration of the overall system (including the membrane) but causes a cross-talk 
effect when planar µFCs are connected in series to obtain higher power outputs [11]. To resolve 
the integration difficulties associated with the proton exchange membrane and to achieve a 
monolithic system, novel MEMS / IC-compatible proton exchange membranes with fine-line 
resolution capability and high conductivity must be developed. 
 
Remarks: 
• To achieve the monolithic integration of the overall microsystem (i.e., µFC) and hence its 
parallel integration with other components and controlling electronics on the same chip, 
MEMS/ IC-compatible proton exchange membranes with fine-line resolution and high 
conductivity must be developed.  
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• To the author’s knowledge, a MEMS / IC-compatible (i.e., CMOS-compatible) proton 
exchange membrane has not yet been developed. 
• Another feasible path to monolithic integration of micro-fuel cells is the omission of the 
proton exchange membrane as discussed in Section 1.2.2.    
 
2.4   Thesis Overview 
Building on these principles, the focus of this thesis is twofold:  to design, fabricate, 
characterize, and optimize a planar, monolithically integrated, µLFFC suitable as an on-chip 
power source for 1-100 mW class applications (Chapter 3), and to develop a fully couple three 
dimensional numerical model that includes all transport processes and electrochemical events 
that occur within an operating cell structure to gain qualitative and quantitative insight, and  
determine crucial design and operating parameters in the performance of LFFCs (Chapter 4).        
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Chapter 3 
 
Design, Fabrication, and Characterization of a Planar, Silicon-
Based, Monolithically Integrated Micro Laminar Flow Fuel Cell 
 
In this chapter, we describe the fabrication of a planar, silicon-based, monolithically 
integrated micro laminar flow fuel cell (µLFFC) using standard MEMS and IC-compatible 
fabrication technologies.  The µLFFC operates with acid supported solutions of formic acid and 
potassium permanganate, as a fuel and oxidant, respectively. The micro-fuel cell design features 
two in-plane anodic and cathodic microchannels connected via a bridge to confine the diffusive 
liquid-liquid interface away from the electrode areas and to minimize crossover.  Palladium high-
active-surface-area catalyst was selectively integrated into the anodic microchannel by 
electrodeposition, whereas no catalyst was required in the cathodic microchannel.  A three-
dimensional (3D) diffusion-convection model was developed to study the behavior of the 
diffusion zone and to extract appropriate cell-design parameters and operating conditions.  
Experimentally, we observed peak power densities as high as 26 mW cm-2 when operating single 
cells at a flow rate of 60 µL min-1 at room temperature.  The miniature membraneless fuel cell 
design presented herein offers potential for on-chip power generation, which has long been 
prohibited by integration complexities associated with the membrane.   
 
  
* Part of this work has been published: López-Montesinos, P.O., Yossakda, N., Schmidt, A., Brushett, F.R., 
Pelton, W.E. & Kenis, P.J.A. 2011, "Design, fabrication, and characterization of a planar, silicon-based, 
monolithically integrated micro laminar flow fuel cell with a bridge-shaped microchannel cross-section", 
Journal of Power Sources, vol. 196, no. 10, pp. 4638-4645. 
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3.1  Introduction 
Small, portable consumer electronics such as mobile phones, laptop computers, personal 
digital assistants, and global-positioning systems, have recently merged into single platforms and 
gained superior multitasking abilities in part enabled by major advances in wireless 
communication and data transmission [1].  The high resolution capability, batch production, and 
reproducibility accessible via microfabrication technologies for integrated circuits (IC) and 
microelectromechanical systems (MEMS) enable further miniaturization and integrated-device 
sophistication in a cost-effective manner [2-3].  Moreover, the next generation of MEMS, i.e., 
sensors, actuators, and lab-on-a-chip devices, are expected to operate remotely to accomplish 
particular machine-enhanced human endeavors in the diverse arenas of medicine, environmental 
sciences, and engineering [4-6].  Miniaturized secondary (rechargeable) batteries such as Ni-Cd, 
Li-ion, and Li-polymer, while presently powering the vast majority of portable devices, may no 
longer feature the necessary energy density to cope with these new power demands and required 
device autonomy [7].  As an alternative, MEMS-based electrochemical energy converters such as 
micro-fuel cells (µFCs), particularly intended to operate with easily handled and stored liquid 
fuels (e.g., methanol, formic acid), are envisioned as a possible solution due to their high energy 
density, efficiency, and  quasi-instant recharge capability by easy reactant refilling [8-10]. 
Silicon-based µFCs offer the possibility of parallel integration with other electronic 
components on the same chip [11].  On-chip integration requires a compact µFC architecture that 
can be fabricated using standard MEMS / IC-compatible (i.e., CMOS-compatible) technologies 
[12]. After the first silicon-based  miniature fuel cell was reported [3], numerous researchers 
have pursued the miniaturization of the traditional proton-exchange membrane fuel cell 
(PEMFC) bilayer design, composed of two bipolar substrates for the delivery of reactants and 
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current collection clamped to a membrane-electrode assembly (MEA) [7].  To complete this 
complex multicomponent structure, hybrid integration using non-standard fabrication techniques 
(e.g., catalyst painting, hot pressing, hot rolling) is required [8].  As an alternative, Mayers and 
Maynard  proposed a micro-fuel cell architecture with anodic and cathodic channels formed on a 
single silicon substrate [13].  The use of a single substrate facilitates monolithic integration in a 
layer-by-layer, build-etch sequence using MEMS / IC-compatible technologies.  This  planar 
miniature fuel-cell design was mathematically modeled and proved to be a less effective 
alternative to the bilayer (bipolar) architecture, primarily due to surface-area penalties [14].  
However, IC-compatible electrodeposition techniques to integrate high-active-surface-area 
catalysts [15-16] and surface texturing methods [17] have recently been documented. For 
instance, Motokawa et al. [18] demonstrated single-cell performance of a MEMS-based micro-
direct-methanol fuel cell (µDMFC) based on the aforementioned principles.  Table 3.1 offers a 
literature review on the development of planar, monolithic µFCs for on-chip integration.  Despite 
major advances in system integration with particular cell performance, on-chip implementation 
remains difficult. The majority of these µFCs employ perfluorosulfonic acid polymer membranes 
(e.g., Nafion) whose integration via MEMS / IC-compatible techniques has been nearly 
impossible.  This issue has long prohibited absolute monolithic integration of these 
Microsystems for on-chip power generation  
An authentic concept that simplifies the micro-fuel cell architecture by omitting the proton 
exchange membrane (PEM), deserves particular attention [21-22].  Laminar flow 
(membraneless) fuel cells (LFFCs) utilize the typical laminar state of flows through micrometer-
scale domains to sustain the separation of convergent coflowing streams along a single channel 
without significant convective mixing while still allowing proton transport [23].  The diffusion 
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along the interface is limited and, hence, crossover is minimized.  Anode and cathode electrodes 
are typically positioned on the opposing channel walls.  This microfluidic fuel-cell system 
significantly reduces ohmic losses associated with the membrane as well as 
hydration/dehydration cycles and cathode flooding (i.e., water management) [22-23].  Moreover, 
by excluding the PEM, the traditional µFC stack coalesces into a single substrate, enhancing the 
possibilities of absolute on-chip monolithic integration with fabrication sequences tailored from 
MEMS and IC techniques.  Using this concept, Tominaka et al. proposed a membraneless fuel 
cell with a monolithic structure, in which two electrodes were formed on a single substrate [24].  
However, performance limitations were attributed to a limited oxygen supply through its passive 
air-breathing system.  As an alternative, the utilization of liquid oxidants such as hydrogen 
peroxide (H2O2) [25-26], nitric acid (HNO3) [27], and potassium permanganate (KMnO4) [23, 
28-29] has been known to improve cathode kinetics and enable micro-fuel cells to perform at 
higher power densities than with air-based approaches.  Furthermore, liquid oxidants enable 
µFCs to perform in intriguing anaerobic applications such as submarine, sub-terrestrial, and 
space missions [1].  
In the succeeding sections we describe the fabrication of a planar, silicon-based 
monolithically integrated µLFFC, using standard MEMS and IC-compatible techniques.  The 
µLFFC features a bridge-shaped microchannel cross-section to confine the diffusive liquid-liquid 
interface away from the electrode areas while minimizing crossover.  The performance of this 
cell, operated with formic acid as the fuel and potassium permanganate as the oxidant, is 
presented. 
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Table 3.1. Summary of the performance of planar, monolithic, micro-fuel cells proposed for on-chip integration.  Only single cell 
performance is presented, unless otherwise noted. 
 
Reference Year Reactant fuel / oxidant 
Catalyst 
anode / 
cathode 
Electrode 
area 
(cm2) 
OCP 
(V) 
Pmax 
(mW cm−2) 
Current 
density at Pmax 
(mA cm−2) 
Lee et al. [19] 2002 H2 /O2 Pt / Pt 5.0 ~0.9 ~18 ~50 
Motokawa et al. [18] 2004 2 M CH3OH / O2-sat. Pt-Ru / Pt 0.018 0.4 0.78 3.6 
Min et al. [20] 2006 H2 / air Pt / Pt 0.156 0.45 0.4 0.26 
Xiao et al. [12] 2008 H2 / O2 Pt-Ru / Pt-Ru - 1.8 a 10.5 a - 
Tominaka et al. [24] 2008 2 M CH3OH / air Pt-Ru / Pd-Co 0.024 0.5 1.4 b 8 b 
Shen et al. [36] 2009 1 M CH3OH / 0.01 M H2O2 Pt-Ru / Pt 0.048 0.46 3.0 11 
This work  1 M HCOOH / 0.144 M KMnO4 
Pd / none 0.024 1.35 26 28 
 
a
 Value corresponds to two serially connected cells (twin cell array) 
b
 The authors reported the net power and current in µW and µA, respectively  
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3.2   Experimental 
3.2.1  µLFFC Fabrication and Monolithic Integration  
The µLFFC was created and integrated in parallel using a set of MEMS and IC standard 
fabrication processes.  In general, the procedure consisted of three UV-photolithographic steps 
followed by the corresponding additive or subtractive processes, as schematically illustrated in 
Figure 3.1.  In detail, a prime grade, p-type, ‹100›-oriented, double-sided polished silicon wafer 
(University Wafer) that is 100 mm in diameter with a resistivity of 1-10 Ω-cm (Figure 3.1(a)) 
was spin coated with a positive-tone photoresist (AZ 4620, Clariant Co.) and exposed via 
photolithography using a mask aligner (Electronic Vision 420), Figure 3.1(b).  The pattern was 
developed in diluted AZ400K (Clariant Co.) solution (Figure 3.1(c)) and subsequently etched to 
10 µm via inductively coupled plasma–deep reactive-ion etching (ICP-DRIE, Plasma-Therm 
SLR 770).  The remaining photoresist was removed using resist stripper (AZ-400T, Clariant 
Co.), Figure 3.1(d).  At the end of this fabrication sequence, a pattern composed of partially 
etched feedholes (1 mm in diameter) and microchannels (100 µm in width) along with a fully 
etched central bridging region (100 µm in width) was obtained.  A 3D isometric projection of 
this substrate is shown in Figure 3.1(e).  Similarly, to completely etch the feedholes and 
microchannels the advanced substrate was spin coated with AZ4620 photoresist and a second 
photolithographic exposure was executed using the aforementioned mask aligner (Figure 3.1(f)).  
The new pattern was revealed with diluted AZ400K developer solution (Figure 3.1(g)) and 
etched 40 µm (or 65 µm) deeper via ICP-DRIE.  Residual photoresist was stripped off of the 
sample using AZ-400T solution (Figure 3.1(h)).  In addition, to ensure overall electrical 
insulation, a 5,000-Å silicon dioxide film was thermally grown by consecutive dry and steam 
oxidation steps at 1,100 °C using a manual oxidation furnace (Lindbergh-Tempress 8500), see 
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Figure 3.1(i).  At this intermediate stage the whole µLFFC structure composed of anodic and 
cathodic microchannels connected via a partially opened central bridge has been completed 
(Figure 3.1(i)).  Finally, to integrate the current collectors, the structure was coated with a 
negative-tone dry-film photoresist (MX5030, DuPont) using a hot-roll laminator (Modulam 130, 
Think & Tinker, Ltd.) at 110 °C at a controlled feeding rate of 20.3 mm s-1.  A third 
photolithographic exposure was performed using a mask aligner (Figure 3.1(k)) and the substrate 
was developed in 1 wt.% anhydrous sodium carbonate solution (Na2CO3, Think & Tinker, Ltd.) 
to generate the current collection pattern (Figure 3.1(l)).  A 200-nm gold layer was deposited via 
DC magnetron sputtering (∼10−2 Torr of argon background pressure), preceded by deposition of 
a 40-nm chrome adhesion thin film (Figure 3.1(m)).  These Cr/Au current collectors were formed 
by lifting off the remaining dry-film photoresist in a 1.5 wt.% sodium hydroxide solution 
(NaOH, Aldrich) (Figure 3.1(n)).  The final monolithic µLFFC (single cell) is illustrated in 
Figure 3.1(o). 
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Figure 3.1. µLFFC fabrication flow scheme:  (a)-(e) 10 µm DRIE, (f)-(j) 50 -75 µm DRIE 
(microchannels and feedholes) followed by Si thermal oxidation (SiO2) and (k)-(o) integration of 
the Cr/Au current collectors. 
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3.2.2.  IC-compatible Catalyst Deposition 
A pure Pd high-active-surface-area catalyst layer was selectively integrated into the anodic 
microchannel of the µLFFC using a previously reported IC-compatible electrodeposition method 
[16].  The potentiostatic deposition was performed at −2 V versus Ag/AgCl reference electrode 
(BAS) in a 0.08 M PdCl2 bath (5 wt.% in 10 wt.% HCl, Aldrich) for 45 s via a computer 
interfaced potentiostat/galvanostat (Autolab PGSTAT 30, Eco-Chemie).  In addition, field-
emission environmental scanning electron microscopy (ESEM-FEG, Philips XL30, FEI) was 
performed to confirm in-channel deposition and to assess morphological details. No catalyst was 
required in the cathodic microchannel.   
 
3.2.3.  µLFFC Assembly and Testing 
An experimental microfluidic fixture (not a part of the monolithic design) was created for 
each fabricated µLFFC (Figure 3.2).  In brief, poly(methyl methacrylate) (PMMA) top and basal 
substrates along with polydimethylsiloxane (PDMS) sealing and conformal layers were aligned 
to mechanically secured the µLFFC using nylon screws.  Conductive copper adhesive films 
(Compac/TriMas) were used to contact the Cr/Au current collectors.   
The performance of the µLFFCs was assessed at room temperature and atmospheric pressure 
using the aforementioned potentiostat/galvanostat.  The µLFFCs were fed with 1 M HCOOH/0.5 
M H2SO4 (Aldrich/GFS Chemicals Powell) and 144 or 60 mM KMnO4/0.5 M H2SO4 (Fisher) as 
the fuel and the oxidant, respectively, using a syringe infusion pump (11 Plus, Harvard 
Apparatus).  A 1:1 (fuel-to-oxidant) flow ratio was used with an input of 60 µL min-1. Once the 
open-circuit potential (OCP) was determined, polarization curves were recorded by fixing the 
cell to a constant potential and reading the circuit current upon reaching steady-state conditions.  
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Figure 3.2.  (a) Schematic layout of the µLFFC experimental microfluidic fixture (PMMA top 
and basal substrates, PDMS sealing and conformal layers aligned to mechanically seal the chip); 
(b) photograph of the µLFFC secured in its microfluidic fixture for performance tests.  The chip 
footprint is 26 mm × 18 mm.  
 
 
3.3   Results and Discussion 
 
3.3.1  µLFFC Monolithic Integration 
One of the strategies used to achieve the monolithic integration of the µLFFC is to minimize 
the number of process steps needed for fabrication.  For instance, feedholes (1 mm in diameter, 
Figure 3.3(a), left) were created concurrently with the first and second DRIE processes 
designated to etch the central bridging region and microchannels, respectively.  This approach 
eliminates the need for a double-sided alignment process and a separate DRIE step often required 
to incorporate traditional all-through feedholes.  Figure 3.3(a) shows the µLFFC Y-shaped 
fluidic entry and microchannels connected via a central bridge where the fuel (1M HCOOH) and 
oxidant (60-144 mM KMnO4) streams are permitted to interface.   
Similarly, minimizing the number of layers without hindering fuel cell performance 
simplifies the fabrication line and promotes cost-effective monolithic integration.  Figure 3.3(b) 
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shows the incorporation of pure Pd high-active-surface-area catalyst into the anodic 
microchannel of the µLFFC using the technique described in Section 3.2.2, whereas no catalyst 
was needed in the cathodic microchannel.  The corrugated (left) and smooth (right) surfaces 
correspond to the integrated Pd catalytic layer and bare Cr/Au cathodic current collector, 
respectively.  The choice of a self-activated cathodic electron acceptor such as MnO4- as an 
alternative to catalyst-dependent oxidants such as oxygen eliminates the need to integrate an 
electroactive material into the cathodic microchannel.  Compared to the dual anode-to-cathode 
catalyst system (e.g., Pt-Ru / Pt) required in the majority of micro-fuel cell designs, the use of a 
single-anode catalyst system reduces the complexity of the steps required for precious-metal 
incorporation, which facilitates monolithic integration.  Figure 3.3(c) offers a magnified view of 
the electrodeposited Pd catalyst, which consists of a variety of spherical entities of round 
crystallites and fibrous surfaces.  Further information on its structural characterization, 
electrocatalytic analysis, and its use for formic acid oxidation is available elsewhere [16].  Figure 
3.3(d) shows a cross-sectional view of the Pd catalyst-based anodic microchannel.  SEM and 
profilometry (data not shown) suggested an average Pd catalyst-layer thickness of approximately 
7 µm. 
 
3.3.2.   µLFFC Performance 
The performance of two µLFFCs with bridge-shaped microchannel cross-sections (denoted 
Chip A and Chip B in this section) was assessed at room temperature and atmospheric pressure. 
For the geometric parameters corresponding to these chips, refer to Section 4.3 (Figure 4.1, page 
50). Chip A and B only differ in microchannel depth (50 vs. 75, respectively).  The chips have 
identical footprints (length × width) of 26 mm × 18 mm (see the photograph in Figure 3.2).   
 36 
 
 
 
 
 
Figure 3.3.  Alpha-Step IQ camera and ESEM micrographs: (a) feedholes (left micrograph) and 
Y-shaped fluidic entry and microchannels after the second DRIE process (right micrograph); (b) 
electrodeposited Pd on Cr/Au sputtered anodic microchannel (left channel) and Cr/Au bare 
cathodic channel (right channel, no catalyst); (c) electrodeposited Pd on Cr/Au anodic 
microchannel at higher magnification; and (d) cross-sectional view of the Pd catalyst-based 
anodic microchannel. 
 
 
 
Chip A was operated with 1 M HCOOH / 0.5 M H2SO4 and variable oxidant concentrations 
of 60 mM and 144 mM KMnO4 / 0.5 M H2SO4, each at a flow rate of 60 µL min-1.  The unitary 
fuel-to-oxidant flow ratio ensured positioning of the liquid-liquid interface near the midline 
along the bridge location.  The polarization (open squares and circles) and power-density (filled 
squares and circles) curves of Chip A are shown in Figure 3.4(a).  When the chip was operated at 
the low oxidant concentration of 60 mM KMnO4, an open-circuit potential (OCP) of 1.4 V was 
attained.  In addition, a maximum power density of 10.0 mW cm-2 was obtained at a cell voltage 
and current density of 0.6 V and 10.4 mA cm-2, respectively.  In contrast, when the same chip 
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was operated at the higher oxidant concentration of 144 mM KMnO4, an OCP value of 1.34 V 
was achieved.  Under these conditions, the chip delivered a peak power density of 19.2 mW cm-2
 
at a cell voltage and current density of 0.7 V and 27.4 mA cm-2, respectively. 
Similarly, Chip B was operated with 1 M HCOOH / 0.5 M H2SO4 and a fixed oxidant 
concentration of 144 mM KMnO4 / 0.5 M H2SO4, each at a of flow rate of 60 µL min-1.  The 
polarization (open squares) and power-density (filled squares) curves of Chip B are shown in 
Figure 3.4(b).  An OCP of 1.35 V was attained, nearly identical to the OCP measured for Chip 
A.  The power density reached a peak value of 25.5 mW cm-2 at a cell voltage and current 
density of 0.9 V and 28.3 mA cm-2, respectively. 
The OCPs of formic acid (membraneless) LFFCs (of hybrid and monolithic integration) 
typically range from 0.6 V to 1.2 V for a variety of oxidants including potassium permanganate 
[23, 28-31].  The reported increase in OCP herein may be due not only to the high redox 
potential of permanganate in acidic conditions (E0 = 1.70V) [32] but also to the minimal reactant 
crossover when employing a bridge-shaped microchannel configuration. 
In practical applications, a fuel cell is operated at a certain operating point that does not 
necessarily correspond to the maximum power density. Instead it is operated at a nominal power 
output that is a good compromise between cell efficiency, low capital cost, and operational 
stability [33].  In general, high voltage improves efficiency and lowers fuel consumption [33].  
The µLFFCs  studied here can be operated at nominal power (typically 0.6 – 0.7 V, [33]) as well 
as at higher potentials, even exceeding 1V due to their high OCP values. 
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Figure 3.4.  Polarization (open squares and circles) and power-density (filled squares and 
circles) curves for: (a) Chip A operating with 1 M HCOOH and two KMnO4 concentrations (144 
mM and 60 mM), all at flow rates of 60 µL min-1; and (b) Chip B operating with 1 M HCOOH 
and 144 mM KMnO4, each at a flow rate of 60 µL min-1. 
 
When operated under the same experimental conditions, Chip B exhibited a ~25% higher 
maximum power density than Chip A (Figure 3.4).  Chip B has a deeper microchannel than Chip 
A (75 µm vs. 50 µm).  The larger channel cross-sectional area of Chip B leads to a lower linear 
velocity at the inlet compared to Chip A (133 mm s-1
 
vs. 200 mm s-1).  As modeled by Bazylak et 
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al. [34], lowering inlet velocity in a low aspect-ratio rectangular channel geometry results in 
improved fuel utilization and superior performance due to an increase in reactant residence time.  
However, the extent to which velocity can be reduced depends upon maintaining a good 
compromise between fuel utilization, reduction of the depletion region [34-35] and the mixing 
zone. 
According to the comprehensive review on planar, monolithic micro-fuel cells (Table 3.1), 
we have demonstrated improvement in cell performance.   As noted from the peak power density 
values (Pmax), our µLFFCs measured favorably.  In particular, compared to a passive, 
membraneles, monolithic µFC with similar electrode area [24], our µLFFCs exhibited more than 
2 orders of magnitude increase in power density.  However, energy losses associated with active 
reactant delivery (i.e., pumps) for systems with similar flow head resistance have been reported 
as ~100 µW [24].  This value remains in agreement with the pressure drops calculated for our 
cells (see Table A.1 in Appendix).  Yet considering these ancillary losses, the power output of 
our cells remains significantly higher.  The marked increase in power density may be attributed 
to synergistic effects.  The use of pure Pd catalyst facilitates the ‘direct electro-oxidation’ of 
formic acid at low temperatures.  The direct pathway suppresses intermediate reaction steps that 
often lead to CO formation and subsequent catalyst poisoning [16]. Therefore, we expect 
enhanced anode activation and reaction kinetics at low temperatures.  Similarly, improved 
cathode kinetics is expected by using potassium permanganate due to a much lower activation 
barrier for electron transfer compared to oxygen [1].  Furthermore, the cell bridge-shaped 
architecture and operating conditions had a positive impact on cell performance by further 
reducing crossover (i.e., preventing mixed potential) and enhancing reactant transport to the 
electrodes and their utilization.    
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3.4 Summary 
 
We have fabricated a planar, silicon-based, monolithically integrated, µLFFC suitable as an 
on-chip power source.  The MEMS-based, IC-compatible (i.e., CMOS-compatible) fabrication 
line of these cells may facilitate their integration with other components and controlling 
electronics on the same chip.  A new bridge-shaped microchannel cross-section was explored to 
reduce fuel-to-oxidant interfacial contact, thereby minimizing reactant crossover.  A second 
rationale to employ this microchannel geometry was to separate the mixing and reaction zones 
over the entire flow domain to enhance reactant transport to the electrodes and improve fuel 
utilization.  A 3-D diffusion-convection computational model was developed to examine the 
behavior of the mixing zone and extract cell-design parameters and operating conditions. For the 
µLFFCs presented herein, the model suggested reactant flow rates ranging from 50-60 µL min-1 
to enable the confinement of the mixing zone along the bridge and avoid its interaction with the 
electrode areas during operation.  Experimentally, we observed high OCP values (1.34-1.35 V) 
which is an indication of the minimum reactant crossover that occurs by employing a bridge-
shaped microchannel cross-section.  These OCP values are 13 % higher than those reported in 
literature for formic acid / potassium permanganate cells [23, 28-29].  The µLFFCs delivered 
peak power densities of 19 and 26 mW cm-2 when operated with 1 M HCOOH / 0.5 M H2SO4 
and 144 mM KMnO4 / 0.5 M H2SO4 as fuel and oxidant, respectively, at a flowrate of 60 µL 
min-1.  Further refinements to these methods should be pursued to optimize the proton aperture 
(i.e., the bridge height) to minimize cell resistance.  The proposed micro-fuel cell design: planar, 
membraneless, monolithic, and CMOS-compatible, may offer a solution to the next generation of 
MEMS and consumer electronics whose highly integrated platforms demand on-chip 
incorporation of the power source.   On-chip integration of power sources fosters overall device 
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miniaturization, weight and cost reduction, batch production, and reproducibility desired for   
commercial interests. 
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Chapter 4 
 
A Three-Dimensional Numerical Model of a Micro Laminar Flow 
Fuel Cell with a Bridge-shaped Microchannel Cross-section 
 
Experimental characterization methods combined with mathematical modeling reduce the 
cost and time for building superior micro-fuel cells. The principles of a working micro-fuel cell 
are of strongly coupled, non-linear multiphysics nature.  Therefore, the change of one operating 
parameter (e.g., reactant concentration, flow rate) may induce a chain of physicochemical and 
electrochemical events that produces a non-obvious impact in overall micro-fuel cell integrity, 
performance, and efficiency. Therefore, developing a fully-coupled numerical model that 
includes all transport processes and electrochemical phenomena that occur within an operating 
micro-fuel cell may help in its design, characterization, and optimization.  In general, these 
models often require the use of mass, momentum, species, and charge balances along with 
Butler-Volmer equations for electrode kinetics to obtain reasonable results [1-2]. The validation 
of a numerical model often requires experimental confirmation.  Nevertheless, once the 
numerical solutions are in close agreement with experimental data, the model becomes a virtual 
tool for performance predictions, optimization, and step-wise design of superior micro-fuel cells.  
In this chapter we present a three-dimensional (3D) numerical model of a new micro laminar 
flow fuel cell with a bridge-shaped microchannel cross-section recently reported in literature by 
the present author [3].  The foremost goal here is to reveal all possible physicochemical and 
electrochemical phenomena that occur within the operating micro-fuel cell to study their impact 
on overall cell performance.   Also, studies on reactants utilization, reactants crossover, and 
ancillary power losses (i.e., active cell design) will be highlighted and discussed. 
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4.1. Introduction 
 
Recently, there is a notable interest in developing on-chip integrated micro-fuel cells as new 
power sources for portable technologies and lab-on-a-chip devices with extremely small form 
factor (e.g., biomedical micro-devices, micro-vehicles, micro-robots) [4-9]. The possibility of co-
fabricating a power source along with other electronic components on the same chip enables 
overall device miniaturization, weight and cost reduction, and improved signal integrity with a 
minimum number of interconnects [10-11].  Laminar flow fuel cells (LFFCs), which 
significantly simplify micro-fuel cell architecture by omitting the proton exchange membrane 
(PEM), have motivated researchers to go from purely miniaturization efforts to on-chip 
integration [3,8].  By excluding the proton exchange membrane, the traditional micro-fuel cell 
stack (i.e., bipolar plates, membrane electrode assembly) coalesces into a single substrate, 
enhancing the possibility of full on-chip monolithic integration with fabrication sequences 
tailored from MEMS and IC techniques [3,8].   
LFFCs utilize the characteristic laminar state of flows at the microscale to sustain the 
separation of coflowing fuel and oxidant streams in a single channel [13]. The diffusion along 
the interface is limited and, hence, fuel crossover is minimized while proton transport can still 
occur. The anode and cathode electrodes are typically positioned on opposing channel walls. 
This micro-fuel cell configuration significantly reduces ohmic losses associated with the 
membrane as well as hydration/dehydration cycles and cathode flooding (i.e., water 
management) [12, 13]. Using this concept, Tominaka et al. proposed a membraneless fuel cell 
with a monolithic structure, in which two electrodes were formed on a single substrate [8]. 
However, performance limitations were attributed to a limited oxygen supply through its passive 
air breathing system.   
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Recently, we have demonstrated that LLFCs can be successfully miniaturized and 
monolithically integrated via MEMS/IC batch fabrication techniques [3].  In brief, we have 
reported an on-chip integrated µLFFC that utilizes liquid oxidant (i.e., potassium permanganate) 
to improve cathode kinetics and produce higher power outputs [3].  In succeeding sections we 
present a three dimensional numerical model to study the effect of all evolving physicochemical 
and electrochemical phenomena within an operating micro-fuel cell on its overall performance.  
Accordingly, new cell designs and operating parameters will be proposed and discussed.   
Indeed, the micro-fuel cell model presented herein may serve as a virtual tool for theoretical 
characterization and optimization of LFFCs.   
 
4.2 The Importance of Channel Geometry in LFFCs 
In typical LFFCs, anode and cathode catalyst-based electrodes are integrated on the opposite 
walls of a single rectangular channel.  The design of a single flow field and the exclusion of a 
PEM are possible when streams coflow in the laminar state, self-constrained to their respective 
electrodes, while protons are able to migrate from anode to cathode.  The only “separator” 
between the fuel and oxidant streams is essentially a liquid-liquid interface.  Because the 
miscibility of the fuel and oxidant of choice is typically high, the liquid-liquid interface evolves 
into a diffusion (or mixing) zone which gradually increases in width as flow advances to the exit.  
Therefore, fuel crossover may occur and cell performance degrades.  In such a scenario, strategic 
adjustments to the geometry of the main channel and upstream flow conditions allow for control 
over the width of the diffusion zone and the extent of crossover [1-2].  The width of the mixing 
zone can be predicted from the results of the scaling analysis [14] 
∆x ≈ DHy 
1
3
                                                                                                                             (4.1) 
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where D is the diffusivity of the species, H is the height of the channel, Uy is the average flow 
velocity, and y the distance the fluid flows downstream.  Bazylak et al. simulated the effects of 
geometric variations to the main channel and determined that a higher aspect ratio (width:height) 
result in a thinner diffusive interface and improved fuel utilization [1].  Later, Chang et al. 
correlated improvements in cell performance to the degree of mixing as characterized by the 
Péclet number (Pe = UyH/D) [2].  In their study, the diffusion transverse to the direction of flow 
(fuel crossover) was minimized by increasing the aspect ratio of the main channel, which 
involves a reduction in channel height (H).  Consequently, both the average velocity and the 
Péclet number increase.  Because increasing the aspect ratio minimizes the mixing width and 
crossover but also sacrifices electrode area, variations to the conventional rectangular channel 
geometry merit further exploration [15-16].   In this chapter we present a three dimensional 
numerical model of an on-chip integrated micro-fuel cell recently reported in literature by the 
present author [3].   First, a simplified version of the model is presented in Section 4.4 where 
electrochemical reactions are excluded from the system.  This first part of the model enabled us 
to inspect the behavior of the mixing zone and quantify fuel crossover upon geometrical 
adjustments to the main channel and upstream flow conditions (i.e., reactant flow rate, reactant 
concentration).  Second, a complete model that couples all transport processes and 
electrochemical phenomena that occur within a working µLFFC will be presented in Section 4.5. 
    
4.3 Geometry Definition 
The main objective of the bridge-shaped microchannel geometry of our micro laminar flow 
fuel cell is to minimize fuel-to-oxidant diffusive contact and isolate the corresponding mixing 
zone from the electrode areas while enabling efficient proton transport [3].  A bridge-shaped 
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microchannel cross-section provides more walls for electrode integration, thus increasing the 
reactive area.  This configuration enables anode and cathode electrochemical reactions to 
proceed more efficiently as minimal or no interaction between the mixing region and the reaction 
zones is observed.  Figure 4.1 illustrates top and cross-sectional views of the microchannel 
structure along with its geometric parameters.  In our analysis 3 geometries were modeled (AR 
10, AR 5, and AR 4) classified according to their bridge aspect ratio (AR).  AR is defined here as 
the ratio of the bridge width to the bridge height (X in Figure 4.1), where X is variable and takes 
values of 10 µm, 20 µm, and 25 µm for AR = 10, AR = 5, and AR = 4, respectively.  The three 
geometries were examined via numerical modeling. 
 
 
 
Figure 4.1.  Schematic illustration of the bridge-shaped microchannel structure and geometrical 
parameters used in the simulations (X is variable): (a) top view; (b) cross-sectional view. 
 
4.4 Mixing-zone Model 
To predict the behavior of the diffusion zone, quantify fuel crossover, and assess appropriate 
cell-design parameters and operating conditions, a three-dimensional model was developed using 
the commercial finite-element-method (FEM) software COMSOL Multiphysics 3.4 (COMSOL, 
X µm 
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Stockholm, Sweden).  As illustrated in Figure 4.1(a), fuel (formic acid) and oxidant (potassium 
permanganate) streams enter separately through a Y-shaped entry, merge at the bridge location, 
and flow in parallel towards the exit.  The computational domain consists of two sub-domains, 
namely, the anodic and cathodic flow channels.  This allowed us to assign different physical 
properties and input conditions for each stream.  For this simplified version of the model, the 
subdomains corresponding to the catalyst layers and current collectors are not included.  Instead 
they are included in the complete fuel cell model discussed in Section 4.5.  Physical properties 
and input parameters used in this first part of the simulations are included in Appendix A.   
 
4.4.1  Assumptions  
The following assumptions were made to obtain simplified versions of the governing 
equations:  
(i) the density of the fluids (ρ) is constant,  
(ii) the fluids are Newtonian with constant viscosity (µ), 
(iii) the flow field is steady, 
(iv) the system experiences negligible body forces, 
(v) the cell operation is isothermal, 
(vi) the mixing zone develops at a distant location from the electrode surface areas, so 
electrochemical reactions (depletion regions) have minimal impact on the local 
concentration gradient in the mixing zone, especially at low current densities.  
 
4.4.2  Governing Equations 
 
Using assumption (i), the general form of the mass-balance (continuity) equation for 
rectangular coordinates becomes: 
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∇ ·  u = 0                                                                                                                                      (4.2) 
where u is the velocity vector.  Similarly, by applying assumptions (i) and (ii), a special case of 
the momentum-balance equation (Navier-Stokes) is obtained: 
ρ	(∂/ ∂t		 + 	u	. ∇	)	=	 − ∇p	 + μ∇		+ ρb                                                                            (4.3) 
p denotes pressure and b is the body-force vector.  Further, utilizing assumptions (iii) and (iv), 
the Navier-Stokes equation reduces to:  
ρ	(	. ∇	)	=	 − ∇p	 + μ∇ .                                                                                                     (4.4) 
Finally, under assumption (vi), the transport of species is of pure convective-diffusive nature and 
can be described by: 
∇	.		(−D∇c	 + 	c) 	= 	0                                                                                                             (4.5) 
where c is the concentration of a species and D indicates the corresponding diffusivity.  
Equations (4.2), (4.4) and (4.5) are coupled and simultaneously solved by applying system 
boundary conditions to obtain velocity and concentration fields. 
 
4.4.3  Boundary Conditions   
The velocity solution is obtained by applying the following boundary conditions to Equations 
(4.2) and (4.4), 
p = pin, pin = ∆pcell; inlets                                                                                                            (4.6) 
p = 0; outlets                                                                                                                               (4.7) 
when a zero-pressure condition is applied to the outlet, the inlet pressure (pin) represents the cell 
pressure drop (∆pcell). The no-slip condition is applied to all channel walls: 
u = 0; walls.                                                                                                                                (4.8) 
 53 
 
Next, the velocity solution is coupled with Equation (4.5) and the following boundary conditions 
apply: 
c = cin; inlets                                                                                                                               (4.9) 
where cin is defined as the inlet concentration for the species of interest.  A convective-flux 
condition is imposed to the outlet boundaries:  
  
 
	. (−D∇c) = 	0; outlets                                                                                                           (4.10) 
while no mass transport can take place through walls: 
	. (−D∇c + c) = 	0; walls.                                                                                                   (4.11) 
 
4.4.4  Fuel Crossover Quantification    
The fuel crossover quantification (mol s-1) was performed in COMSOL Multiphysics by 
including a boundary that is solely used to evaluate mass transport over it (Figure 4.2).  Since 
this boundary is not necessary to solve the model, it can be set to “continuity” when boundary 
conditions are established.  However, after the model has been solved, the boundary can be used 
in the post-processing tasks to quantify how much fuel has crossed to the cathodic micro flow 
channel.  The appropriate way to do this in COMSOL is by performing boundary integration 
procedures for a specific set of operating parameters.  The boundary integration expression to 
quantify the total flux of fuel crossing the boundary is given by  
 = 	∬  !"#$$#%&"'()*+,,+-.* 	                                                                                             (4.12) 
 
where   represents the local normal flux perpendicular to the fuel-to-oxidant interfacial surface 
( !"#$$#%&") expressed as  
−. / =                                                                                                                                             (4.13) 
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Figure 4.2.  Schematic of the surface (Acrossover) used to compute fuel crossover via boundary 
integration techniques.  The arrow perpendicular to the boundary represents the local flux of fuel 
that crosses the boundary from the anodic to the cathodic micro flow channel when the cell is in 
operation.  
 
4.4.5  Velocity Field and Mixing-zone Analysis 
Figure 4.3 shows the magnitude of the velocity component in the flow direction (vy) at a 
location of 5 mm (y = 5 mm) from the active channel entrance for each structure (AR10, AR5, 
and AR4).  The data represent a cross-sectional line which transverses the center of the bridge 
from the anodic channel outer side wall (x = -150 µm) to the cathodic channel outer side wall (x 
= 150 µm).  The plots were generated for various flow rates  0  ∈ 210,20,30,40,50,60: µL min-1.  
For each structure, at a specific input flow rate, a double-parabolic flow developed with a nearly 
constant low-velocity field in the bridge.  Note that the local maxima observed do not represent 
the absolute maximum velocity of the flow fields, because those occur approximately at the 
center of the two channels (z = 25 µm) for a given flow rate.  The velocity fields for each 
structure exhibit a mirror effect from anode to cathode due to cell symmetry and the 1:1 flow 
ratios used in these studies.  The low velocity field observed at the bridge is a result of the high 
proximity between the upper and lower walls at which the no-slip boundary condition applies.  
The magnitude of the downstream velocity in the bridge region increased from 4 to 20 mm s-1 for 
Crossover boundary (A
crossover
) 
−. / = 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AR 10, 15 to 70 mm s-1
 
for AR 5, and 20 to 90 mm s-1 for AR 4; upon increasing the flow rates 
of the individual channels from 10 to 60 µL min-1.  
Figure 4.4 captures the concentration profile when the cell (AR 10 structure) is operated with 
1 M HCOOH at a flow rate of 60 µL min-1.  This concentration field reveals the confinement of 
the mixing zone along the bridge for the entire flow domain.  As listed in the assumptions 
(Section 4.4.1), due to the appreciable distance between the electrode walls and the point of 
liquid-liquid mergence (at the middle of the bridge for a 1:1 flowrate ratio), the depletion layers 
resulting from electrochemical reactions had a minimal impact on the concentration gradient in 
the mixing zone.  Moreover, the Y-shape entry to the cell allows for a volume of unreacted 
liquids to merge initially at the bridge location and coflow along this catalyst-free zone towards 
the exit.  This set of assumptions enabled us to exclude the reaction kinetics resulting in a 
simplified version of the model which allows the behavior of the diffusion zone to be studied 
independently.  Figure 4.4(b) illustrates x-z plane concentration snapshots at three locations 
downstream from the active cell entrance (1, 5 and 9 mm) when the inlet fuel concentration and 
flow rate were 1 M HCOOH and 60 µL min-1, respectively.  Note that the diffusion zone 
gradually increases in width as flow advances to the exit, but remains confined within the bridge.  
A similar trend was also noted for AR 5 and AR 4 structures.  However, the characteristic 
mixing zone for each cell operated at the same upstream flow conditions changes in width as 
elaborated in succeeding sections.      
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Figure 4.3.  Velocity component in the flow direction (vy) at a location of 5 mm (y = 5 mm) 
from the cell active-channel entrance for each structure (AR10, AR 5, and AR 4).  The data 
represent a cross-sectional line which transverses the center of the bridge  from the anodic 
channel outer side wall (x = -150 µm) to the cathodic channel outer side wall (x = 150 µm).  The 
plots were generated for various flow rates 0  ∈ 210,20,30,40,50,60: µL min-1, as indicated by 
the arrow. 
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Figure 4.4.  Formic acid concentration profiles for a bridge-shaped microchannel geometry (AR 
10) when fed with 1 M HCOOH at a flow rate of 60 µL min-1: (a) 3D flow domain; (b) 2D 
captures with X-Z planes located at three different locations from the cell active-channel 
entrance (1, 5, and 9 mm in the downstream direction).  
 
 
The mixing zone width can be controlled by adjusting flow rates [1-2].  Figure 4.5 depicts 
fuel-concentration profiles at a location of 5 mm (y = 5 mm) from the active cell entrance for 
each structure (AR 10, AR 5, and AR 4).  Similar to Figure 4.3, the data correspond to a cross-
sectional line which transverses the center of the bridge from the anodic channel outer side wall 
(x = -150 µm) to the cathodic channel outer side wall (x = 150 µm).  The concentration gradients 
are evaluated for different flow rates 0  ∈ 210,20,30,40,50,60: µL min-1.  In general, the 
immediate concentration gradient, which characterizes the diffusion zone, became steeper as the 
flow rate was increased.  A similar trend is noted when the bridge aspect ratio is decreased (i.e, 
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when the bridge aperture is increased) but to a higher extent.  For instance, at a flow rate of 60 
µL min-1 this concentration gradient was well confined within the bridge for each structure.   In 
contrast, at lower flow rates (i.e., 10 µL min-1) the concentration gradient broadened and partially 
interfered with the inner anodic and cathodic channel side walls for AR 10 structure.  To utilize 
the inner channel side walls for electrode (catalyst) integration, interaction with the mixing zone 
must be avoided.  The model suggests the use of higher flow rates and / or lower bridge aspect 
ratios to reduce the width of the diffusion zone, thereby, improving electrode performance, 
which may increase fuel utilization.  These results are in agreement with the scaling analysis 
given in Equation (4.2), which indicates that increasing the average velocity results in a thinner 
diffusion zone.  Returning to Figure 4.3, the average velocity at the bridge location moderately 
increased proportionally to flow rate.  Similarly, fuel crossover can be reduced by increasing the 
Péclet number [2].  According to our data (Figure 4.3), Pe (along the bridge location) can be 
increased from ~ 8 × 101 to ~ 4 × 102 for AR 10, ~ 6 × 102 to ~ 2.8 × 103 for AR 5, and ~ 1 × 103 
to ~ 4.5 × 103 for AR 4 using the aforementioned flow rate range.  However, increasing Pe by 
increasing the mean velocity may cause the streams to deviate from steady state.  Such an onset 
of hydrodynamic instability has been reported in laboratory experiments and hampers the 
performance of LFFCs significantly [13].  However, in this work the small dimensions of the 
bridge enable a more gradual development of the local velocity upon an increase in flow rate, 
which keeps Pe in a safe regime. 
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Figure 4.5.  Formic acid concentration gradients at a location of 5 mm (y = 5 mm) from the 
active cell entrance for AR 10, AR5, and AR4.  The data correspond to a cross-sectional line 
which transverses the center of the bridge from the anodic channel outer side wall (x = -150 µm) 
to the cathodic channel outer side wall (x = 150 µm).  The concentration gradients were 
evaluated for different flow rates 0  ∈ 210,20,30,40,50,60: µL min-1, as indicated by the arrow. 
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Figure 4.6.  Mixing zone width (∆x) for AR 10, AR 5, and AR 4 structures and fuel crossover 
(in %).  The mixing zone width is evaluated for different flow rates 0  ∈ 210,20,30,40,50,60: µL 
min-1, which increases as pointed by the arrows. 
 
 
Figure 4.6 indicates the mixing width (∆x) for each structure (AR 10, AR 5, and AR 4) as the 
reactants advance from the active cell entrance (y = 0 mm) to the active cell exit (y = 10 mm).  In 
general, as flow rate increases the mixing zone width decreases for a given structure.  Also, as 
the bridge aspect ratio decreases (i.e., from AR 10 to AR 4) the mixing zone width decreases the 
specified flow rate range.  For all cases the mixing zone broadens as flow advances to the exit.  
The thinner mixing zone, for the specified flow rate range, is obtained for AR 4 structure.  As 
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discussed previously, confining the mixing zone within the bridge for the entire flow domain 
may liberate the active walls to enhance the course of electrochemical reactions, thereby, 
improving fuel utilization and cell performance.  However, by inspecting the fuel crossover vs. 
flow rate plot in Figure 4.6, the AR 4 structure exhibits the higher percentages in fuel crossover, 
up to ~1.2 % at the lowest flow rate.  These results indicate that opening the structure (i.e., 
increasing the bridge height) may help in attenuating the mixing zone at the expense of fuel 
crossover.  This conflicting issue will be clarified in the next section (the complete fuel cell 
model) by computing new values for reactant crossover and study their effect on overall cell 
performance.  
 
4.5  Fuel Cell Model 
 
To assess the I-V characteristics (i.e., performance) of the µLLFCs via numerical 
simulations, the mixing zone model was extended to reveal the voltage profile due to the current 
generated at the electrodes when the cell is in operation.  Therefore, Charge Balance and Votler-
Bulmer equations are coupled in this section to complete the model.  These equations will be 
discussed in details in the succeeding sections. 
To complete the fuel cell model new subdomains are added to account for additional physics.  
The overall computational domain now consists of four sub-domains: the anodic and cathodic 
micro flow channels and the anodic and cathodic porous electrodes (Figure 4.7).  The reactants 
(i.e., formic acid and potassium permanganate solutions) flow through the anodic and cathodic 
micro flow channels, respectively, get into superficial contact with the porous electrodes, where 
electrochemical reactions occur, but do not flow through these subdomains.  The electrodes are 
modeled as porous sub-domains that include the catalyst layer (i.e., Palladium) and current 
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collector (i.e., Gold), lumped together.  The governing equations and boundary conditions that 
apply to all sub-domains are discussed in the next sections.  Physical properties and input 
parameters used in the simulations are included in Appendix A.   
 
 
 
Figure 4.7.  Schematic of the overall 3-D computational domain which consists of four 
subdomains, namely, anodic and cathodic micro flow channels and anodic and cathodic porous 
electrodes.     
 
 
4.5.1  Assumptions  
The set of assumptions formulated for the mixing zone model (Section 4.4, i-vi) still apply 
for the complete fuel cell model.  Therefore, we only state here additional assumptions to obtain 
simplified versions of the remaining governing equations (Section 4.5.2.).    
(vii) Fuel and oxidant solutions get into superficial contact with the porous (reactive) 
electrode walls but do not enter or flow through these sub-domains. Therefore, 
electrochemical reactions can be conveniently modeled by imposing fluxes (as 
boundary conditions) using Faradays law and Butler-Volmer equations. 
(viii) Fuel and oxidant (i.e., formic acid and potassium permanganate) are supported in 
acidic electrolyte and the concentration of hydrogen ions was assumed to be uniform 
through the micro flow channels. 
Fin 
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(ix) The transport of protons from the anodic to the cathodic micro flow channel is by 
migration only. 
(x) The current collectors and catalyst layers are lumped into single solid-phase porous 
sub-domains, namely, the anode electrode and the cathode electrode.   
(xi) Archie’s Law applies in the porous electrodes to obtain an effective conductivity 
value.   
 
4.5.2  Governing Equations and Boundary Conditions 
 
The governing equations established for the mixing zone model (Section 4.4) still apply for 
the present case.  For instance, the flow characteristics (i.e., velocity profiles) are still unchanged 
because the solutions are independent of mass and/or charge transport.  Therefore, the Continuity 
and Navier-Stokes equations and corresponding boundary conditions are not reviewed in this 
section.  Indeed, the velocity solutions discussed in Section 4.4 are used to complete the fuel cell 
model.  In contrast, the concentration fields were resolved using the diffusion-convection 
equation only since oxidation and reduction electrochemical reactions were neglected.  Now for 
the complete fuel cell model we account for electrode reactions and the mass transport modes 
that account for these new physics are reviewed and modified accordingly.  In the anodic and 
cathodic micro flow channels the transport of species can be described by  
∇. (−D∇c + c) = <"=>                                                                                                          (4.14) 
where c is the concentration of a species, D indicates the corresponding diffusivity, and Rrxn is 
the reaction rate.  Using assumption (vii), the reaction term (Rrxn) can be set to zero and the 
electrochemical reactions can be modeled by imposing fluxes at the reactive walls.  The fluxes at 
these reactive walls can be used as boundary conditions  
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−.? = NA                                                                                                                             (4.15) 
where N is given by  
? = −D∇c + c  (4.16) 
and N0 is the flux of fuel or oxidant coming out of the wall (i.e., consumed at the reactive wall) in 
the perpendicular direction.  N and n are flux and normal vectors, respectively.  The amount of 
fuel and oxidant that is consumed at the anode and cathode electrode walls (represented in this 
model by fluxes) must be appropriately quantify using Faraday’s Law 
NA = BCDE                                                                                                                                     (4.17) 
where Jn is the current generated at the electrode surface due to oxidation or reduction 
electrochemical reactions, n the number of moles involved the reactions and F is the Faraday 
constant.  Note that the imposed fluxes that represent electrochemical reactions at the electrode 
surfaces are function of the concentration of the reactant of interest and the current generated   
NA = f	(JD, c)                                                                                                                            (4.18) 
Quantifying the current generated at each electrode surface is possible by applying Butler-
Volmer equation for electrode kinetics as elaborated below.  The remaining boundary conditions 
that apply to the anodic and cathodic micro flow channels in terms of mass transport are 
consistent with those already established in Section 4.4 and hence are not reviewed in this 
section.     
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Charge conservation  
Using assumptions (viii) and (xi) (Section 4.5.1.) the transport of charge species across the 
different sub-domains can be modeled using the potential equation found in the conductive 
media dc application mode of COMSOL Multiphysics.  The current generated at the electrodes 
due to electrochemical reactions can be treated as electronic and ionic currents which are 
equivalent but opposite in sign.   The ionic current evolving from the migration of protons is 
transported through the electrolyte from the anodic micro flow channel to the cathodic micro 
flow channel.  In our model, the electronic current evolving from the electrons flow enters the 
cathode porous electrode sub-domain to escape the cell and is input into the anode electrode 
subdomain where it transforms into ionic current to complete the circuit.  
The general current transport (electronic and ionic) is governed by the equation for 
conservation of charge  
∇. (−σ∇φ) = AKSM                                                                                                                  (4.19) 
where σ is the conductivity of the layer or sub-domain of interest, φ is the local potential, As is 
the electrochemical surface area,  and NO is the electrical current source term.  In our model we 
set the volumetric terms (sources) to zero to work on a surface basis.  Working on as surface 
basis is possible as we are setting the current generated at the electrodes as boundary conditions.  
Therefore, the right side term of equation (4.19) vanishes  
∇. (−σ∇φ) = 0 .                                                                                                                       (4.20) 
Equation (4.20) applies for all four sub-domains as elaborated below. The electronic current at 
the solid porous electrodes, can be modeled by modifying the charge conservation equation   
∇. (−σPQQ∇φK) = 0                                                                                                                 (4.21)                                             
where σeff  is the effective conductivity of the porous medium (i.e., catalyst layer) and φs the 
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solid-phase local potential.  To recreate the physical state of the porous electrodes we assume 
that these sub-domains are saturated with liquid electrolyte and the conductivity must be an 
effective value.  In this model, we made use of a power law formula known as Archie’s Law to 
assess the effective conductivity of the porous electrodes. In geophysics, this relationship is used 
to approximate the electrical conductivity of isotropic, liquid-saturated rocks of complicated 
microporous structure.  Adapting Archie’s Law to our case, the effective conductivity of the 
porous electrodes is approximated as follow  
R&SS = RA(1 − T)U                                                                                                                  (4.22) 
where σ0 is the electrical conductivity of the non-porous material (i.e., pure Palladium), ε is the 
porosity (~ 0.5 for high surface area catalyst), and m, which is determined empirically, is related 
to the tortuosity of the porous material.  Common values for m range from 1.8 -2.5.  
The following boundary conditions apply to the porous electrodes at the outer walls  
V$	 = 0 ,               anode electrode                                                                                           (4.23) 
V$ = 0!&WW ,           cathode electrode.                                                                                       (4.24) 
If we arbitrarily set the solid-phase potential at the anode electrode to zero, the cathode 
electrode solid-phase potential represents the operating cell voltage (Vcell). At the active walls of 
the porous electrode, where electrochemical reactions occur, the following boundary conditions 
apply to account for the current generated 
−. X = 	JD                                                                                                                                (4.25) 
where J is the current vector and Jn is the normal local current produced at the electrodes (JDY for 
the anode and JDZ for the cathode), which are determined using the Butler-Volmer equations as 
defined later in this section.  For all the remaining electrode walls current insulation applies  
	. X = 0                                                                                                                                    (4.26) 
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Similarly, the ionic current in the anodic and cathodic micro flow channels can be modeled using 
the following charge conservation equations  
∇. [−σPY∇φP\ = 0,      anodic micro flow channel                                                                  (4.27)                            
where σPY is the electrical conductivity of the liquid electrolyte in the anodic micro flow channel 
and φP is the local liquid-phase potential.  Similarity, at the cathodic micro flow channel the 
charge conservation is given by 
∇. [−σPZ∇φP\ = 0,      cathodic micro flow channel                                                               (4.28)  
where  σPZ  is the electrical conductivity of the liquid electrolyte in the cathodic micro flow 
channel.  The boundary conditions in the anodic and cathodic micro flow channels are stated for 
active (i.e., reactive) and inactive walls 
−. X = 	JD                 	JDY , anode active wall     		 − JDZ, cathode active wall                          (4.29) 
. X = 0 ,                    all inactive (non-reactive) walls. (4.30) 
 
Butler-Volmer equations 
In previous discussions we have stated that the current generated at the electrodes can be 
used as boundary conditions to resolve the current and voltage profiles in each sub-domain (i.e. 
porous anode and cathode electrodes and anodic and cathodic micro flow channels).  The Butler-
Volmer equations describe how the electrical current on an electrode depends on the electrode 
potential, considering that both a cathodic and an anodic reaction occur on the same electrode.  
For the anodic electrochemical reaction 
  JDY = iAY ^_`ab exp e
f∝YYEhY
ij k − exp e
f∝ZYEhY
ij k ; 																c = cm^nnm																																						(4.31) 
while for the cathodic electrochemical reaction  
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JDZ = iAZ ^_`ab exp e
f∝YZEhZ
ij k − exp e
f∝ZZEhZ
ij k ; 																				c = coDnpq                                 (4.32) 
where iAY and iAZ are the anode and cathode exchange current densities, c is the local reactant 
concentration, cref is the reference concentration, ∝rYand ∝_Y are the anodic and cathodic charge 
transfer coefficients of the reaction at the anode electrode,	∝rZ and ∝_Z are the anodic and 
cathodic charge transfer coefficients of the reaction at the cathode electrode, 	ηrand  η_ are the 
anode and cathode overpotentials, R is the ideal gas constant, and T is the temperature which is 
room temperature for the present case.   The local concentration (c) which is factored in the 
equations enables us to determine the depletion regions as the reactants of interest are consumed. 
The anode overpotential is defined  
tu = V$	 − V& 	 − V	vwxy                                                                                                           (4.33) 
and the cathode overpotetial  
t! = V$	 − V& 	 − V	vwxz                          (4.34) 
where V$ is the solid phase-potential from the solid porous electrodes,  V& is the electrolyte or 
liquid-phase potential from the micro flow channels,  V	vwxy  is the anode reversible potential 
(i.e., the anode potential when formic acid is flowing over Pd-catalyst at open circuit conditions) 
and the oxidation reaction is at equilibrium, and similarly, V	vwxz is the cathode reversible 
potential when the reduction reaction is also in equilibrium at open circuit conditions. 
An initial “guess” condition was applied to assist convergence 
V$	 → 0!&WW                                                                                                                                (4.35) 
the solid-phase potential at the cathode electrode can be approximated to the operating cell 
potential (Vcell)  due to the high electrical conductivity of the porous electrode sub-domains 
(porous Pd catalyst on gold).    
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4.6 Meshing Technique 
Figure 4.8 shows the mesh selected for all structures (i.e., AR 10, AR 5, and AR 4).  The 
mesh is extremely fine in x-z plane to capture large gradients while swept in the y direction to 
minimize the total amount of elements (e.g., AR 4 = 39,703 elements).   
 
 
 
Figure 4.8. Swept mesh for AR 4 structure. The mesh is extremely fine in x-z plane to capture 
large gradients while swept in y direction to minimize the total amount of elements. 
 
4.7  Solution Procedures 
The computations were performed using a Windows computer (64-bit operating system) with 
Intel (R) Xeon CPU, X5450 3.0 GHz (2 processors), and 32.0 GB of RAM.  First, the Navier-
Stokes equation and charge balance for the porous electrodes were solved followed by the 
species balance for anodic and cathodic micro flow channels and charge balance for the 
electrolyte.  At an intermediate step the solution was stored and used to solve the entire set of 
equations with the already established boundary conditions.  The total computing time for all 
stages was approximately ~16 minutes for one value of voltage scan.  
 
y 
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4.8  Determination of Cell Performance 
Once the model is solved we proceed to determine the I-V characteristic of the µLFFCs with 
bridged-shaped microchannel cross-section of different aspect ratios (i.e., AR 10, AR 5, and AR 
4).  The overall performance of the cells is presented via polarization curves for different 
operating conditions.  For each point on the polarization curve, the cell operating voltage (Vcell) 
is taken as the solid-phase potential assigned to the cathode when the boundary conditions are 
established to solve the potential equations at the electrode sub-domains since the anode is 
arbitrarily set to zero.  The current produced by the cell is determined during the post-processing 
tasks by integrating the normal local current over the active (reactive) cathodic microchannel 
walls.  This evaluation is performed at the cathode side given that the cell is cathode limited.  
Therefore, when the cell is in operation the circuit balances and the anode and cathode operate at 
the same current value, i.e.,    
|u= |!     at nominal operating cell voltage (Vcell)                                                                    (4.36)  
where Ia and Ic are the total anode and cathode current, respectively. The boundary integration 
expression at the cathode is given as 
|! = 	∬ }>) ~ +∬ }>)  +( ∬ }>) ((                                                                         (4.37) 
where }>) is the normal local current and A1, A2, and  A3 are the cathodic micro flow channel 
active (catalytic) areas.  Once the total current value is obtained, we normalized it by the 
corresponding cathode geometrical area to obtain current density.   Figure 4.9 shows how the 
boundary integration is performed in COMSOL Multiphysics.     
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Figure 4.9.  Schematic of cathode active (reactive) surface area (Aa) used to compute the current 
generated via boundary integration techniques. Once the total current generated (Ic in equation 
(4.37) is determined, the value is normalized over the total geometrical area to obtain current 
density.   
 
4.9  Determination of Fuel utilization  
In the experiments, the µLFFCs were operated with 1.0 M HCOOH.  Due to the low range of 
current densities observed in these single micro-fuel cells, fuel utilization is modest at this 
concentration.  Therefore, for the evaluation of fuel utilization we have selected the highest 
power producing micro-fuel cell (i.e., AR 4).  Fuel utilization is evaluated at the anodic micro 
flow channel when running the model at a nominal cell voltage (Vcell) of 0.7.  Low and high fuel 
flow rates (10 and 60 µL min-1, respectively) are evaluated representing the cases of high and 
low fuel residence times within the anodic micro flow channel.  The inlet fuel concentration is 
always fixed to 1M.  
Fuel utilization (%) is given by 
	Ω = >f	>+>  * 100                                                                                                              (4.38) 
−. X = 	}>) 
Active area (Aa) 
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where S> and S#  are the fuel inlet and outlet molar flow rates, respectively. These values 
are extracted in COMSOL via integration techniques performed at the inlet and outlet boundaries 
of the anodic micro flow channel.   
 
4.10  Oxidant Consumption Rate Determination  
The oxidant consumption rate is also an important parameter to evaluate given the great 
incidence of cathode limited cells including the present case.  To determine the oxidant 
consumption rate we have also selected the highest power producing micro-fuel cell (i.e., AR 4).  
The oxidant consumption rate is evaluated at the cathodic micro flow channel when running the 
model at a nominal cell voltage (Vcell) of 0.7.  Low and high oxidant flow rates (10 and 60 µL 
min-1, respectively) are evaluated which represent the cases of high and low oxidant residence 
times within the cathodic micro flow channel.  Also, low and high values of oxidant inlet 
concentration (20 mM and 144 mM, respectively) were considered for the calculations. 
The oxidant consumption rate can be expressed as 
λ = >+f	>++>+                                                                                                                           (4.39) 
where #> and ##  are the oxidant inlet and outlet molar flow rates, respectively. These 
values are extracted in COMSOL via integration techniques performed at the inlet and outlet 
boundaries of the cathodic micro flow channel.   
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4.11  Determination of Power Losses  
Ancillary (pump) 
To obtain high net cell performance the power losses associated with the mode of reactant 
delivery must be as low as possible.  Power losses associated with active reactant delivery (i.e., 
pumps) can be approximated by using the pressure drop solutions.  The cell pressure drop was 
determined for the three cells (i.e., AR10, AR5, and AR4) operating at different reactant flow 
rates (0  ∈ 210,20,30,40,50,60: µL min-1).  The corresponding cell pressure drop values are 
included in Appendix A.    
 
Crossover current 
Fuel crossover is the phenomenon where the fuel bleeds from the anodic micro flow channel 
to reach the catalytic walls of the cathodic micro flow channel.  This phenomenon reduces fuel 
utilization, results in a detrimental mixed current, and poisons the cathode catalyst which 
decreases the efficiency of the oxidant reduction reaction.  Oxidant crossover is also possible 
especially for cells that utilize liquid oxidant to carry out the reduction reaction in the cathode.  
Here we quantify fuel and oxidant crossover as explained in Section 4.4.4. and convert this data 
into crossover current density.  We have selected the micro-fuel cell that exhibits the highest fuel 
crossover (i.e., AR 4) to determine the crossover current.   The data was analyzed for various cell 
operating parameters.  Low and high reactant flow rates of 10 and 60 µL min-1, low and high 
oxidant concentration of 20 and 144 mM, and fixed fuel concentration of 1M.   The operating 
cell voltage is Vcell = 0.7 V.  To compute crossover current density, we assume that the amount 
of fuel that crosses to the cathodic micro flow channel is completely oxidized at the catalyst 
layer.  Similary, we assume that the amount of oxidant that crosses to the anodic micro flow 
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channel is completely reduced at the catalyst layer.  Therefore, crossover current due to fuel and 
oxidant crossover can be computed using the following formulas 
|!# = S&+                                                                                                                         (4.40) 
|!#+ = #&*                                                                                                                         (4.41) 
where  S is the molar flux of fuel that crosses to the cathodic micro flow channel,	# is the 
molar flux of oxidant that crosses to the anodic micro flow channel, &+is the number of 
electrons involved in the oxidation reaction, &* is the number of electrons involved in the 
reduction reaction, and F is the Faraday constant.  Once crossover currents due to fuel or oxidant 
crossover are determine, we normalize these values by the geometrical active surface area of the 
cell to obtain crossover current density.      
 
4.12  Results 
4.12.1 Model Validation 
Figure 4.10 (upper plot) shows polarization (open squares and circles) and power-density 
(filled squares and circles) curves for a µLFFC (AR 10) already reported in literature [3].  The 
plot shows the performance of the cell when operated with 1 M HCOOH and 144 mM KMnO4 at 
a flow rate of 60 µL min-1.  According to this plot the model fairly agrees with the experimental 
data.  At low potentials the model performance prediction departs somewhat from the 
experimental data due to secondary reduction reactions that may occur.  In acidic solutions, the 
permanganate reduction reaction is prone to yield insoluble MnO2 at low potentials (< 0.5 V).  
Therefore, mass transport issues at the cathode will limit the overall performance at low 
potentials as noted from the experimental polarization curve.   Since the fuel cell model does not 
account for alternative electrochemical reduction pathways the model-to-experimental fit is 
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somewhat loose at low potentials.  However, in practical applications, fuel cells are operated at a 
nominal voltage of (~ 0.6 to 0.8 V) where the model predictions are still in agreement with 
experimental data.  Therefore, we have characterized all our cell structures (AR 10, AR 5, and 
AR 4) at operating voltages above 0.5 V.    Figure 4.10 (lower insert) illustrates a 2-D (x-z) plane 
snapshot of the oxidant (i.e., permanganate) concentration field at a location of y = 9 mm from 
the active cell entrance.  At this location, the depletion region resulting from oxidant 
consumption at the electrode walls is more apparent for the specified set of operating conditions.  
The mixing zone (at the bridge location) behaves as previously discussed in Section 4.4.4.  In the 
next section we analyze the performance of all cells structures at various operating parameters.   
Since the µLFFCs were proved to be cathode limited we always link performance to the 
concentration field of the oxidant.   Fuel concentrations profiles are provided in Section 4.12.4 to 
address the topic of fuel utilization. 
 
4.12.2 Cell Performance 
In this section the performance of the µLFFCs (i.e., AR 10, AR 5, and AR 4) is presented 
using polarization (I-V curves).  Mass transport limitations are presented via oxidant 
concentration fields since the cell performance is consistently limited by the cathode reaction.   
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Figure 4.10.  The upper plot illustrates polarization (open squares and circles) and power-density 
(filled squares and circles) curves for the AR 10 cell structure when operating with 1 M HCOOH 
and 144 mM KMnO4 at a flow rate of 60 µL min-1.  The model (blue curves) is compared with 
the experimental data [3].  The lower insert illustrates a 2-D (x-z) plane snapshot of the oxidant 
concentration field at a location of y = 9 mm from the active cell entrance.     
 
 
Figure 4.11 illustrates oxidant (i.e., permanganate) concentration profiles for AR 10 cell 
structure when fed with 20 mM KMnO4 at a flow rate of 10 or 60 µL min-1. A 3D flow domain is 
shown in the left upper insert of the figure along with 2D snapshots (x-z planes) located at three 
different locations from the cell active-channel entrance (1, 5, and 9 mm in the downstream 
direction) as shown in the left lower insert.  The oxidant concentration fields revealed two 
important zones, namely mixing and depletion.  At this low oxidant concentration (i.e., 20 mM 
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KMnO4) the depletion regions that result from the electrochemical reduction reactions become 
more apparent compared to the AR 10 cell structure running at higher oxidant concentration 
(Section 4.5.1).  As noted from the 2-D snapshots, the depletion layers increase in thickness as 
reactants advance to the exit (from y = 1 to y = 9 mm).   By increasing the flow rate from 10 to 
60 µL min-1 the depletion thickness decreases.   For the AR 10 cell structure the model predicted 
a maximum power density of ~ 13 and ~17 mW cm-2 at a flow rate of 10 and 60 µL min-1, 
respectively.   For this specific case, an increase in reactant flow rate positively affects overall 
cell performance.   This increase in power density may be associated with changes in the 
depletion layer as observed from the 2-D snapshots.  At high flow rate we obtain thinner 
depletion regions which may enhance the reactant transport to the active walls of the cell as the 
concentration gradient becomes steeper.  In contrast, by inspecting the mass transport region of 
the I-V curves (i.e., high current density case), the performance drops considerably for the low 
flow rate case which exhibits a thicker depletion layer.   When a thicker depletion layer is 
formed, not only the oxidant available in the cathodic microchannel is minimum but it struggles 
to reach the active walls of the channel as the concentration gradient has been lessened.  
Therefore, the overall cell performance was improved by operating the cell at higher flow rate 
(60 µL min-1).      
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Figure 4.11. COMSOL captures (left inserts): oxidant (i.e., permanganate) concentration profiles 
for AR 10 cell structure when fed with 20 mM KMnO4 at a flow rate of 10 or 60 µL min-1. The 
3D flow domain (left upper insert) and 2D snapshots (left lower insert) with x-z planes located at 
three different locations from the cell active-channel entrance (1, 5, and 9 mm in the downstream 
direction).  Right upper insert: polarization (open squares and circles) and power-density (filled 
squares and circles), as predicted by the model.   
 
Figure 4.12 (upper plot) shows polarization (open squares and circles) and power-density 
(filled squares and circles) curves for AR 10 cell structure.  The plot shows the performance of 
this cell when operated with 1 M HCOOH and high oxidant concentration of 144 mM KMnO4 at 
a flow rate of 10 or 60 µL min-1.  The model predicted peak power densities of ~18 and ~22 mW 
cm-2 when the cell is operated at a flow rate of 10 and 60 µL min-1, respectively.  As previously 
elaborated, this improvement in power density may be attributed to changes in the depletion 
region as reactant flow rate is increased.  At higher flow rates (e.g., 60 µL min-1) the 
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concentration gradient that characterizes the depletion region becomes steeper (Figure 4.12, 
lower insert).  Steeper concentration gradients enhance the flux of reactant to the electrode walls, 
thereby, improving the course of the electrochemical reduction reaction for higher performance.        
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.12.  Polarization (open squares and circles) and power-density (filled squares and 
circles) curves for the AR 10 cell structure when operating with 1 M HCOOH and 144 mM 
KMnO4 at low and high flow rates (10 and 60 µL min-1, respectively)  (upper insert).  2-D (x-z) 
plane snapshot of the oxidant concentration field at a location of y = 9 mm from the active cell 
entrance (lower insert).    
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Figure 4.13. COMSOL captures (left inserts): oxidant (i.e., permanganate) concentration profiles 
for AR 5 cell structure when fed with 20 mM KMnO4 at a flow rate of 10 or 60 µL min-1. The 
3D flow domain (left upper insert) and 2D snapshots (left lower insert) with x-z planes located at 
three different locations from the cell active-channel entrance (1, 5, and 9 mm in the downstream 
direction).  Right upper insert: polarization (open squares and circles) and power-density (filled 
squares and circles), as predicted by the model.   
 
Figure 4.13 illustrates oxidant (i.e., permanganate) concentration profiles for AR 5 cell 
structure when fed with 20 mM KMnO4 at a flow rate of 10 or 60 µL min-1. A 3D flow domain is 
shown in the left upper insert of the figure along with 2D snapshots (x-z planes) located at three 
different locations from the cell active-channel entrance (1, 5, and 9 mm in the downstream 
direction) as shown in the left lower insert.  For the AR 5 cell structure the model predicted a 
maximum power density of ~ 17 and ~28 mW cm-2 at a flow rate of 10 and 60 µL min-1, 
respectively.   As in previous cases, an increase in reactant flow rate improves cell performance 
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which is attributed to changes in the depletion regions as elaborated in previous discussions.  
Also, an improvement in overall cell performance at low oxidant concentration (i.e., 20 mM 
KMnO4) is noted when the bridge aspect ratio decreases from AR = 10 to AR = 5.  Decreasing 
the bridge aspect ratio implies a bigger aperture for protons transport (i.e., increased bridge 
height) which reduces the cell resistance, thereby, improving cell performance.   
 
 
 
Figure 4.14.  Polarization (open squares and circles) and power-density (filled squares and 
circles) curves for the AR 5 cell structure when operating with 1 M HCOOH and 144 mM 
KMnO4 at low and high flow rates (10 and 60 µL min-1, respectively)  (upper insert).  2-D (x-z) 
plane snapshot of the oxidant concentration field at a location of y = 9 mm from the active cell 
entrance (lower insert).  
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Figure 4.14 (upper plot) shows polarization (open squares and circles) and power-density 
(filled squares and circles) curves for AR 5 cell structure.  The plot shows the performance of 
this cell when operated with 1 M HCOOH and high oxidant concentration of 144 mM KMnO4 at 
a flow rate of 10 or 60 µL min-1.  The model predicted maximum power densities of ~35 and ~36 
mW cm-2 when the cell is operated at a flow rate of 10 and 60 µL min-1, respectively.  As 
elaborated earlier, this slight improvement in power density may be attributed to changes in the 
depletion region as reactant flow rate is increased.  However, the improvement in cell 
performance is so small that may be required to run this cell at a low flow rate (i.e., 10 µL min-1) 
to increase reactant residence time within the microchannels, thereby, increasing reactant 
utilization.  Also, the power losses associated with active reactant delivery (i.e., pumps) will 
increase as the input flow rate increases.  To minimize this power loss reactant delivery at low 
flow rates is preferred.  A more detailed discussion on ancillary power losses and reactant 
utilization is covered in Sections 4.12.3, 4.12.4, and 4.12.5.  Also, when comparing AR 10 to AR 
5 cell structures, the later shows improvement in cell performance.  This improvement is mainly 
due to the decreased resistance of the cell as we decrease the bridge aspect ratio of the cell.   
Figure 4.15 illustrates oxidant (i.e., permanganate) concentration profiles for AR 4 cell 
structure when fed with 20 mM KMnO4 at a flow rate of 10 or 60 µL min-1. A 3D flow domain is 
shown in the left upper insert of the figure along with 2D snapshots (x-z planes) located at three 
different locations from the cell active-channel entrance (1, 5, and 9 mm in the downstream 
direction) as shown in the left lower insert.  For the AR 4 cell structure the model predicted a 
peak power density of ~ 17 and ~ 31 mW cm-2 at a flow rate of 10 and 60 µL min-1, respectively.   
As in previous cases, an increase in reactant flow rate improves cell performance which is 
attributed to changes in the depletion regions.  Also, an improvement in overall cell performance 
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at low oxidant concentration (i.e., 20 mM KMnO4) is noted when the bridge aspect ratio 
decreases from AR = 10 to AR = 4.  Decreasing the bridge aspect ratio implies a bigger aperture 
for protons transport (i.e., increased bridge height) which reduces the cell resistance, thereby, 
improving cell performance.   
 
 
 
Figure 4.15. COMSOL captures (left inserts): oxidant (i.e., permanganate) concentration profiles 
for AR 4 cell structure when fed with 20 mM KMnO4 at a flow rate of 10 or 60 µL min-1. The 
3D flow domain (left upper insert) and 2D snapshots (left lower insert) with x-z planes located at 
three different locations from the cell active-channel entrance (1, 5, and 9 mm in the downstream 
direction).  Right upper insert: polarization (open squares and circles) and power-density (filled 
squares and circles), as predicted by the model.   
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Figure 4.16.  Polarization (open squares and circles) and power-density (filled squares and 
circles) curves for the AR 4 cell structure when operating with 1 M HCOOH and 144 mM 
KMnO4 at low and high flow rates (10 and 60 µL min-1, respectively)  (upper insert).  2-D (x-z) 
plane snapshot of the oxidant concentration field at a location of y = 9 mm from the active cell 
entrance (lower insert).  
 
Figure 4.16 (upper plot) shows polarization (open squares and circles) and power-density 
(filled squares and circles) curves for AR 4 cell structure.  The plot shows the performance of 
this cell when operated with 1 M HCOOH and high oxidant concentration of 144 mM KMnO4 at 
a flow rate of 10 or 60 µL min-1.  The model predicted maximum power densities of ~44 and ~49 
mW cm-2 when the cell is operated at a flow rate of 10 and 60 µL min-1, respectively.  As 
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aforementioned, this slight improvement in power density may be attributed to changes in the 
depletion region as reactant flow rate is increased.  However, the improvement in cell 
performance is so small that may be required to run this cell at a low flow rate (i.e., 10 µL min-1) 
to increase reactant residence time within the microchannels, therefore, increasing reactant 
utilization.  Also, the power losses associated with active reactant delivery (i.e., pumps) will 
increase as the input flow rate increases.  To minimize this power loss reactant delivery at low 
flow rates is preferred.  Also, when comparing AR 10, AR 5, and AR 4 cell structures, the later 
shows the highest cell performance.  This improvement is mainly due to the decreased resistance 
of the cell as we decrease the bridge aspect ratio of the cell.  However, we expect that if we 
increase the height of the bridge significantly (> 25 µm), the inner reactive walls will be lost, 
hampering cell performance.          
 
4.12.3 Power Losses  
 
Ancillary  
Figure 4.17 shows the power losses due to active reactant delivery (i.e., pump). The data was 
determined using the pressure drop simulation results for the ranges of reactant flow rates 0  
∈ 210,20,30,40,50,60: µL min-1 and the three different aspect ratios (i.e., AR 10, AR 5, and AR 
4) considered in our studies. 
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Figure 4.17.  Power losses (µW cm-2) due to active reactant delivery (i.e., pump) determined 
from cell pressure drop for the ranges of reactant flow rates 0  ∈ 210,20,30,40,50,60: µL min-1  
and the three different aspect ratios (e.i., AR 10, AR 5, and AR 4). 
 
As noted from the figures power losses associated with active reactant delivery increase 
proportional to flow rate.  Since pressure drop is proportional to flow rate, the pump power 
required is larger.  Also, as the aspect ratio of the structure (recall AR = bridge width / bridge 
height) increases the power losses also increases.  Increasing the aspect ratio of the structure 
implies a more decreased gap height.  Therefore, the cross-sectional area of the structure 
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decreases making the pump of reactants more challenging and, consequently, power 
consumption.   
 
Crossover / crossover current 
Figure 4.18 shows the quantification of crossover current due to oxidant or fuel reactant 
crossover for the AR 4 structure.  AR 4 structure was selected for the analysis since it showed 
the largest extent of fuel crossover according to the mixing zone model discussed in Section 4.4.  
The bar data represents the crossover current computed for AR 4 cell operating at Vcell = 0.7 V.  
To obtain this data we have assumed that the amount of fuel that crosses to the cathodic micro 
flow channel is completely oxidized at the catalyst layer and the amount of oxidant that crosses 
to the anodic micro flow channel is completely reduced at the catalyst layer.   
 
 
 
Figure 4.18.  Crossover current (mA cm-2) due to oxidant and fuel reactant crossover for AR 4 
structure operating at the lowest and highest reactant flow rate (i.e., 10 and 60 µL min-1),  lowest 
and highest oxidant concentration (i.e., 20 and 144 mM, respectively), and fuel concentration of 
1 M HCOOH. 
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When the cell is operating at a fuel and oxidant concentration of 1M HCOOH and 144 mM 
KMnO4, respectively, with a flow rate of 10 µL min-1, cross over currents of 6 and 2.4 mA cm-2 
were estimated due to fuel and oxidant crossover, respectively. Similarly when the cell operates 
under the same conditions at higher reactant flow rate (i.e., 60 µL min-1), crossover currents of 
6.4 and 5.5 mA cm-2 were measured.  Note that the variation of crossover currents due to fuel 
crossover is not as marked as the variation of crossover current due to oxidant crossover when 
flow rate is increased from 10 to 60 µL min-1
. 
 For the case of high oxidant concentration, when 
the flow rate is increased crossover current increases significantly.   At low flow rates the 
oxidant depletion region is more pronounced (also oxidant consumption as explained later) 
lessening the concentration gradient for oxidant cross flux to the anodic micro flow channel.  
However, the overall trend seems to be a gradual increase of crossover current while increasing 
flow rate.  When the cell operates at the lowest oxidant concentration, very low crossover 
currents were estimated (0.3 and 0.78 mA cm-2 for a flow rate of 10 and 60 µL min-1, 
respectively).  This shows that lowering the reactant concentration is an effective way of 
reducing crossover and consequent crossover current density.  In general, if any of the reactant 
concentrations is lowered, the gradient across the mixing zone is lessened which decreases the 
driving force for fuel or oxidant cross flux.     
 
4.12.4  Fuel Utilization (at Vcell) 
Figure 4.19 shows the fuel utilization (in %) for the structure AR 4 when operating with 1M 
HCOOH at the lowest and highest flow rates selected for our analysis (i.e., 10 and 60 µL min-1). 
Fuel concentration profiles are shown when the cell operates at the lowest and highest flow rate.  
The x-z planes are located at y = 9 mm (close to the cell exit) which offers a more apparent fuel 
depletion region compared to x-z planes located close to the cell entrance. 
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Figure 4.19.  Fuel utilization (%) for the AR 4 structure operating with 1M HCOOH at the 
lowest and highest flow rates (i.e., 10 and 60 µL min-1). Fuel utilization concentration captures 
are provided for the different flow rates. These x-z planes are located at y = 9 mm (close to the 
cell exit) which offers are more apparent fuel depletion region compared to x-z planes located 
close to the cell entrance. 
 
 
When the cell is operating at the lowest flow rate, the fuel utilization is 15.5 % for an inlet 
fuel concentration of 1M HCOOH.  Similarly, for the highest flow rate, a fuel utilization of 6.4 
% is obtained.  Here, the lowest flow rate produces increased fuel utilization due to the increased 
fuel residence within the reactive anodic micro flow channel.  On the other hand, operating the 
micro-fuel cell at the highest reactant flow rate will decrease fuel utilization by ~ 41 %.  By 
inspecting the COMSOL fuel concentration captures for the highest operating flow rate we 
observe a modest boundary (depletion) layer which explains the low fuel utilization percent 
obtained under these conditions. A more apparent fuel depletion region is observed for the 
lowest operating flow rate, which proves the higher fuel utilization percent obtained under these 
conditions.   However, our cell is cathode limited which means that the producing current will 
balance according to the cathode reaction kinetics.  Therefore, the cell cannot be optimized by 
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increasing fuel concentration but fuel utilization can be greatly improved by decreasing the fuel 
concentration.   
 
4.12.5  Oxidant Consumption Rate (at Vcell) 
Figure 4.20 shows the oxidant consumption rate (in %) for the structure AR 4 when operating 
at the lowest and highest reactant flow rate (i.e., 10 and 60 µL min-1, respectively) and lowest 
and highest oxidant concentration (i.e., 20 and 144 mM, respectively).  Oxidant concentration 
profiles are also shown when the cell operates at the lowest and highest concentration at a 
common flow rate of 10 µL min-1, which describes a more apparent depletion layer for both each 
case. 
 
 
 
 
Figure 4.20.  Oxidant consumption rate (%) for the AR 4 structure operating at the lowest and 
highest flow rate (i.e., 10 and 60 µL min-1) and lowest and highest concentration (i.e., 20 and 144 
mM, respectively).  Oxidant concentration captures are provided for the lowest flow rate (10 µL 
min-1 mM) which describes a more apparent depletion (consumption) layer. These x-z planes are 
located at y = 9 mm (close to the cell exit). 
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At the highest and lowest operating concentration, the oxidant consumption is 28 % and 62 
%, respectively, for a flow rate of 10 µL min-1.  Similarly, the oxidant consumption is 18 % and 
6 % when the flow rate is 60 µL min-1. In general, the lowest flow rate produces the major 
oxidant consumption due to the increased oxidant residence within the reactive cathodic micro 
flow channel.  Also, the lowest oxidant concentration shows increased oxidant consumption in 
comparison to the highest oxidant concentration. By inspecting the COMSOL oxidant 
concentration captures for the lowest operating concentration we observe a very deep blue 
boundary (depletion) layer for a flow rate of 10 µL min-1, which explains the high consumption 
value obtained under these conditions.  This feature explains the marked mass transport 
limitation shown in the corresponding polarization curve (Section 4.5.2) which is responsible for 
a decreased performance.  A more gradual oxidant depletion layer is observed for the highest 
operating concentration which produces less oxidant consumption but increased performance in 
the polarization curve (Section 4.5.2).   
 
4.13 Summary 
In this chapter, we have presented a fully-coupled three dimensional numerical model for 
laminar flow fuel cells (LFFCs) which includes all transport processes and electrochemical 
phenomena that may occur during operation.  The model couples mass, momentum, species, and 
charge balances along with Butler-Volmer equations for electrode kinetics.  Additional modeling 
efforts were accomplished to determine reactant utilization, reactant crossover and crossover 
current, and ancillary power losses associated with active reactant delivery (i.e., pumps).  The 
model was validated using the experimental data (i.e., I-V cell performance curves) of a micro 
laminar flow fuel cell (µLFFC) with a bridge-shaped microchannel cross-section already 
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reported in literature by the present author [3].  The cell performance predicted via modeling was 
in close agreement with experimental data.  Therefore, the model serves as a virtual tool for 
performance predictions of LFFCs. 
The model was used to optimize the design of an on-chip integrated µLFFC with a bridge-
shaped microchannel cross-section [3].  The purpose of employing a bridge-shaped microchannel 
cross-section for the µLFFC was twofold:  to reduce the fuel-to-oxidant interfacial contact, 
thereby, minimizing reactant crossover and to isolate the evolving mixing zone from the reactive 
walls.  Minimizing reactant crossover and achieving separation of the mixing and reactions zones 
may increase reactant utilization and improve cell performance.  In our analysis, three cell 
structures with different bridge height (AR 10, AR 5, and AR 4) were built using the commercial 
finite-element-method software COMSOL Multiphysics.  First, a simplified version of the model 
was developed, namely, the mixing zone model, to study the behavior of the mixing zone upon 
bridge geometrical modifications and upstream flow conditions.  The model suggested the use of 
high flow rates to confine the mixing zone along the bridge for the entire flow domain and avoid 
its interaction with the electrode walls during operation.  A similar trend is noted by opening the 
bridge structure (i.e., decreasing the bridge aspect ratio).  However, the modeling data shows that 
opening the cell structure may cause fuel crossover up to 1.2 % (for AR 4 cell) when operated 
with 1M HCOOH at low flow rate (10 µL min-1).   Second, a complete version of the model was 
developed, namely, the fuel cell model, to couple the chain of transport and electrochemical 
phenomena that occur within the operating cell structures to analyze the impact on net cell 
performance.   For the structures studied herein, AR 4 was found to produce the higher power 
output (~49 mW cm-2) when operated with 1M HCOOH and 144 mM KMnO4.  The cell is 
preferably operated at low flow rates (e.g., 10 µL min-1) which improves reactant utilization, 
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minimizes power losses associated with active reactant delivery (i.e., pumps) and produces the 
less crossover current densities as elaborated in Sections 4.12.3 – 4.12.5.            
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Chapter 5  
 
Summary of Accomplishments  
 
In this work, approaches to monolithic integration of micro-fuel cells were investigated.  
MEMS-based / CMOS-compatible fabrication lines that include high surface area catalyst 
integration were developed to achieve on-chip micro-fuel cell integration.  3-D computational 
numerical modeling was performed to further study, characterize, and optimize micro laminar 
flow fuel cells.     
In brief, we have fabricated a planar, silicon-based, monolithically integrated, µLFFC 
suitable as an on-chip power source.  The MEMS-based, IC-compatible (i.e., CMOS-compatible) 
fabrication line of these cells may facilitate their integration with other components and 
controlling electronics on the same chip.  A new bridge-shaped microchannel cross-section was 
explored to reduce fuel-to-oxidant interfacial contact (thereby, minimizing reactant crossover) 
and separate the mixing and reaction zones over the entire flow domain to enhance reactant 
transport to the electrodes and improve fuel utilization and overall performance.  On-chip 
integration of power sources may foster overall device miniaturization, weight and cost 
reduction, batch production, and reproducibility as desired for commercial interests.  The planar, 
membraneless, monolithic, and CMOS-compatible micro-fuel cell design presented in this thesis 
may offer a solution to the next generation of MEMS and consumer electronics whose highly 
integrated platforms demand on-chip incorporation of the power source.    
In this work, we have also developed a fully-coupled 3-D computational numerical model for 
laminar flow fuel cells (LFFCs) which includes all transport processes and electrochemical 
phenomena that may occur during operation.  The model couples mass, momentum, species, and 
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charge balances along with Butler-Volmer equations for electrode kinetics.  Additional modeling 
efforts were accomplished to determine reactant utilization, reactant crossover and crossover 
current, and ancillary power losses associated with active reactant delivery (i.e., pumps).  The 
model was validated using the experimental data (i.e., I-V cell performance curves) of a micro 
laminar flow fuel cell (µLFFC) with a bridge-shaped microchannel cross-section already 
reported in literature by the present author [3].  The cell performance predicted via modeling was 
in close agreement with experimental data.  The model presented here serves as a virtual tool for 
performance predictions of LFFCs in general. 
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Appendix A   
 
    Table A.1.  Input parameters used in the model* 
  
Property Symbol Value Units 
Anode exchange current density iAY 0.46 A m-2 
Anode overpotential ηr  V 
Anode reversible potential V	vwxy -0.7 V 
Anodic charge transfer coefficient of the 
oxidation reaction at the anode ∝rY  0.5 - 
Anodic charge transfer coefficient of the 
reaction at the cathode electrode ∝rZ 0.5 - 
Average flow velocity Uy  m s-1 
Body-force vector b  N 
Cathode exchange current density iAZ 0.46 A m-2 
Cathode overpotential η_  V 
Cathode reversible potential V	vwxz 1.33 V 
Cathodic charge transfer coefficient of 
the reaction at the anode electrode ∝_Y 0.5 - 
Cathodic charge transfer coefficient of 
the reaction at the cathode electrode ∝_Z 0.5 - 
Cell pressure drop (AR 10) ∆pcell {2033, 4747, 6784, 8822, 11540, 13590} N m
-2
 
Concentration of a species c  mol m-3 
Conductivity σ  S m-1 
Crossover current due to fuel crossover |!#  A 
Crossover current due to oxidant 
crossover 
|!#+  A 
Current generated at the anode |u  A 
Current generated at the cathode |!  A 
Current vector J  A 
Density of the fluids ρ 1000 Kg m-3 
Diffusivity of fuel DHCOOH 5x10-10 m2 s-1 
Diffusivity of the species D  m2 s-1 
* Values acquired from the literature (offered in Section 4.14) 
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Table A.1 (cont.) 
 
Effective conductivity  
σeff  S m-1 
Electrical conductivity of liquid 
electrolyte in anodic microchanel σPY 3.5 S m
-1
 
Electrical conductivity of liquid 
Electrolyte in cathodic microchannel σPZ 3.5 S m
-1
 
Electrical conductivity of non-porous 
material (Pd) σ0 10 x 10
6
 S m-1 
Electrical current source term NO  A m-3 
Electrochemical surface area As  m2 
Faraday constant F 96485 C 
Flow rate  0  {10, 20, 30, 40, 50, 60} µL·min
-1
 
Fluid viscosity µ 1e10-3 Kg m-1 s-1 
Flux vector N  mol m-2 s-2 
Flux of fuel or oxidant  N0  mol m-2 s-2 
Fuel and oxidant inlet velocity u {30, 70, 100, 130, 170, 200} mm s
-1
 
Fuel inlet molar flow rate S>  mol s-1 
Fuel outlet molar flow rate S#  mol s-1 
Fuel utilization Ω  % 
Height of the channel H  µm 
Ideal gas constant R 8.314 J mol-1 K-1 
Inlet concentration cin 1000 mol·m-3 
Inlet pressure pin  N m-2 
Local liquid-phase potential φP  V 
Local normal flux   mol m-2 s-2 
Local potential ϕ  V 
Magnitude of the velocity component in 
the flow direction vy  m s
-1
 
Molar flux of fuel crossover S  mol m-2 s-2 
Molar flux of oxidant crossover #  mol m-2 s-2 
Normal current generated at the anode 	JDY  A 
Normal current generated at the cathode 	JDZ  A 
Normal current at the electrode surface 	JD  A 
Normal vector n  - 
Number of electrons involved in the  &+ 2 - 
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Table A.1 (cont.) 
 
oxidation reaction 
Number of electrons involved in 
reduction reaction &* 3 - 
Number of moles n  - 
Operating cell voltage Vcell  V 
Oxidant consumption rate λ  % 
Oxidant inlet molar flow rate #>  mol s-1 
Oxidant outlet molar flow rate ##  mol s-1 
Péclet number Pe  - 
Porosity of the catalyst ε 0.4 - 
Pressure P  N m-2 
Ratio of the bridge width to the bridge 
height AR  - 
Reference concentration cref  mol m-3 
Solid-phase local potential V$  V 
Temperature T 298 K 
Velocity vector u  m s-1 
   Width of mixing zone ∆x  µm 
